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EXECUTIVE SUMMARY 
Protective clothing and face masks form the primary line of defense against chemical 
warfare agents (CWA) for soldiers and also the general public in the event of an 
emergency. Activated charcoal and charcoal impregnated fabrics are being used to 
protect from the CWA and are considered to offer the best protection ever. While this 
perception is unequalled, it is also imperative to consider the significant drawbacks of 
this material. The foremost disadvantage of activated charcoal is that it does not 
decontaminate nerve and the mustard agents, which are most frequently used in chemical 
attacks, but merely adsorbs them. This means the protective material upon exposure to 
nerve and mustard agents itself forms a contamination threat and calls for careful 
handling and disposal. Another limitation of equivalent significance is the evaporative 
impedance offered by the material introducing heat stress and discomfort to the wearers. 
These two concerns form the motivation for this study.  
The objective of this research is to understand and to evaluate the detoxification abilities 
of electrospun nanofibers against chemical warfare agents and assess the possibility of 
using the electrospun nanofibers as protective membranes in face masks and warfare 
clothing. Electrospinning was chosen as the method of fabricating the nanofibers as it is a 
simple and versatile technique with scope for mass production. Moreover, precise control 
of dimensions and morphology is possible at nanoscale which is not achievable by other 
techniques that currently exist for this purpose. Membranes from electrospun nanofibers 
are also known to possess high porosities (upto 80%) and hence breathability (moisture – 
vapor exchange) will not be an issue.  
The study compares the performance of 5 types of electrospun materials viz.  
a) Functionalized polymer nanofibers,  
b) Ceramic nanofibers  
c) Functionalized Carbon nanofibers, 
d) Polymer nanocomposites with carbon nanoparticles (nanodiamonds) and 
e) Polymer nanocomposites with metal oxide nanoparticles.  
To compare the effect of decontamination, simulants of nerve and mustard agents were 
used.  It is also shown that among these 5 different categories of materials, the polymer 
nanocomposites with metal oxide nanoparticles would be most appropriate for 
  x
development of protective filters and garments based on breathability and non-selective 
decontamination nature. In the last part of this work, a modeling approach is shown so as 
to fabricate reactive filters with the least resistance to breathability using electrospun 
Polymer nanocomposites with metal oxide nanoparticles that could replace the activated 
carbon which is currently the gold standard for chemical protection suits and filters.  
  xi
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Chapter – I 
CHAPTER I Introduction 
1.1 Chemical warfare and protection  
Chemical warfare is the oldest form of warfare known to mankind [1], where the 
destructive action is brought about by the toxic nature of the agents as compared to 
explosive forces or heat that is commonly found in conventional warfare. Even in modern 
times, the prospect of a chemical warfare is as threatening as compared to a nuclear war 
since the chemical weapons are capable of causing mass destruction with aftermath 
carrying over for generations. Since World War I, chemical weapons not limiting to 
nerve agents and mustard agents have been used and often stockpiled by nations. To-date 
as much as 70 different warfare agents have been manufactured and used or stockpiled. 
Although innovations in warfare-agent chemistry were rapid, the development in systems 
for protection from these agents, in contrast, was gradual. Protection from exposure to 
these warfare agents started off with usage of resin oil; the soldiers would dab resin oil 
over their body such that it provided a simple barrier for the warfare agents. The resins 
being inert prevented the intrusion as well as any possible reaction with the warfare 
chemicals. However, the resins were not very effective in providing a complete barrier to 
the warfare agents, especially against those in the form of aerosol. Following World War 
II, a lot of emphasis was placed on protective systems. It was during this period that 
charcoal impregnated clothing was first introduced. Since charcoal had a high surface 
area, it could adsorb most gases and aerosols and keep them trapped inside its pores. Use 
of charcoal for protective clothing began to gain popularity and most of the armies in 
different countries used this approach. Improvements in order to increase the surface area 
of the charcoal which would increase its adsorption efficiency were underway, led to the 
development of activated charcoal. The surface area of this material was unparalleled at ~ 
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1000m2/g. The charcoal impregnated fabrics were used together with a respirator, which 
also contains activated carbon based filters. Activated charcoal garments are still used to 
this day by many countries such as the US for protective clothing.  
While the efficiency of activated charcoal impregnated garments are by far the best in 
industry, in terms of comfort levels these garments would be the least preferred. A 
complete protection gear that is impregnated with activated carbon would weigh as much 
as 4-5 kg, thereby causing much discomfort for the wearer. Also, the charcoal 
impregnated in the fabric often got saturated with the chemical agents and needed to be 
decontaminated and disposed off.  
A second form of protective clothing was developed in the mid-sixties, as an alternative 
to the activated charcoal based fabrics, and consisted of polymer based completely 
impermeable clothing. The polymer based fabrics did have an advantage over the 
activated carbon based suits in terms of protection. Since they are completely 
impermeable, they are completely resistant to aerosol and liquid intrusion unlike the 
activated carbon fabric. This offers a higher level of confidence in these suits. However, 
as the name suggests, the polymer based protective garments did not allow for any 
moisture transmission and elevated the heat stress of the wearer. Additionally, since the 
polymer based protective garments provided complete covering from head to toe, the user 
had to carry a self contained breathing apparatus (SCBA), thus worsening the comfort 
levels. To this day, polymer based garments are used as protective clothing, only that, 
they are used in applications that require a short exposure such as clearing up a toxic 
chemical spill etc. 
  2
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1.2 Need for Better Protective Wear – Use of non-wovens  
The Joint Service Lightweight Integrated Suit Technology (JSLIST) program, the first-
of-its-kind was introduced by the US Army in 1993 to develop a lighter weight, more 
flexible and breathable garment [2]. Since then, there has been some remarkable 
development in this arena. Until this point in time, mostly woven materials were used in 
the fabrication of protective garments. The use of non-woven material was first instituted 
by this program. Non-woven fabrics are known for their ease of mass production and 
ability to carry special functions such as absorbency, liquid repellency, resilience, stretch, 
softness, strength, flame retardancy, washability, cushioning, filtering, bacterial barrier 
and sterility depending on the material chosen.  
 
The new battledress overgarment developed in JSLIST consists of an outer layer of non-
woven nylon fabric treated to repel water within which activated carbon spheres are 
present bonded by knitted fabric present underneath. This replaced the older design of 
using bulky granular charcoal impregnated polyurethane which deteriorated whenever it 
was rubbed against a surface [2]. Although the overgarment weighed about 2.6 Kg, it was 
much lighter than the earlier designs. The success of JSLIST created a great potential for 
non-wovens in the manufacture of protective clothing. It is to be noted that to this day, 
the JSLIST garment is the approved Battle Dress Uniform for the US Army [2].  
 
An ideal protective garment must not only filter out the chemical contaminants but also 
reactively detoxify them into non-toxic by products and must be wearer friendly offering 
complete protection for the entire duration it has been designed for. With the recent 
developments in the field of nanomaterials, it has been proven that these materials owing 
  3
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to their small size possess a very high reactivity. The nanomaterials show a great 
potential for use in protective clothing. A separate initiative termed as Institute of Soldier 
Nanotechnologies was started by the US Army in collaboration with MIT with the 
objective of developing the next-generation of protective garments using nanomaterials.  
1.3 Nanofibers for Protection   
Nanofibers, which are thousand times smaller than a human hair, have a unique position 
among the other nanomaterials owing to their large aspect ratio (length/diameter). 
Nanofibers is the only member of the family of one-dimensional materials to have a 
number of industrial applications. Owing to their large lengths, these nanofibers can be 
formed into non-woven membranes, which potentially could fit into applications for 
protection..   
 
Non-woven mesh formed by polymer nanofibers has a great potential as a niche material 
for protective wear. Being ultra-light weight, the nanofiber mesh is highly porous and 
breathable. The pores present in nanofibers selectively allow moisture to penetrate 
through and have the capability to selectively block chemical vapors. This desired 
property and high surface area have motivated to test the nanofibers as a non-woven 
fabric or protection against the chemical warfare agents [8]. Drawing, melt-spinning, 
phase-separation; template synthesis and electrospinning are the methods by which one 
can fabricate non-woven polymer nanofibers. Out of these, electrospinning is the most 
widely used technique owing to reasons such as mass production, versatility, control of 
fiber dimensions and morphology and applicability to a wide range of polymers [3, 4].  
  4
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1.4 Objective of study 
The objective of this study is to demonstrate that electrospun nanofibers could be used for 
detoxification of chemical warfare agents. This is based on the following approaches: 
- Using electrospun polymer membranes that are loaded with catalyst 
- Using electrospun ceramic nanofibers 
- Using electrospun carbon nanofibers functionalized with non-specific catalysts  
- Using electrospun polymer nanofiber-carbon nanoparticle nanocomposite and 
-  Using electrospun polymer nanofiber-metal oxide nanoparticle nanocomposite  
The performance of the nanofibers will be evaluated using chemical warfare simulants of 
the nerve and mustard agents. Their performance will be compared to existing technology 
and their applicability in fabrication of a protective ensemble will be discussed. A 
roadmap of the direction of this research work is provided below. 
 
Figure 1.1 Research Roadmap 
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1.5 Significance of this research 
This study has a direct impact on the protective clothing and face masks that are being 
currently used. If successful, it would pave way for lighter and reactive materials that can 
be directly enforced in the battlefield. More realistically, these membranes can also be 
used in the construction of face masks or protective garments that civilians could use in 
an unfortunate event of a chemical attack. The improvement over the existing materials is 
brought out in the fact that the developed membranes aid not only in protection but also 
in decontamination of the chemical warfare agents. 
 
Moreover, the performance of these nanoscale materials will be evaluated and the 
fundamental science behind the reactivity at such small dimensions will be investigated. 
This would provide a better understanding of the nanofiber performance in general as 
heterogeneous catalysts/ substrates for catalysis which will give further insight into 
nanofiber applications on an industrial scale. 
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CHAPTER 2 – Background and Literature Review  
2.1 Chemical Warfare Agents 
 
Chemical Warfare (CW) agents  generally are stored and transported as liquids and 
deployed as either liquid aerosols or vapors. Victims usually are exposed to agents via 
one or more of 3 routes: skin (liquid and high vapor concentrations), eyes (liquid or 
vapor), and respiratory tract (vapor inhalation) [1]. These agents are characterized by two 
inversely related physical properties: volatility (i.e. tendency of liquids to vaporize, which 
directly increases with temperature) and persistence (i.e. tendency of liquids to remain in 
a liquid state). In general, volatile liquids pose the dual risk of dermal and inhalation 
exposure, while persistent liquids are more likely to be absorbed across the skin. The 
effects of vapors largely are influenced by ambient wind conditions; even a slight breeze 
can blow nerve agent vapor away from its intended target. [2] Effects of vapor are 
enhanced markedly when deployed within an enclosed space. These deleterious 
compounds and their chemical structure are comprehensively reported in the media [3]. 
 
Classes of Chemical Agents 
Chemical agents are classified into 4 types, according to their mechanism of action viz. 
Nerve agents, blister agents, blood agents and pulmonary agents.  
Nerve Agents 
Among lethal CW agents, the nerve agents have had an entirely dominant role since the 
Second World War. Nerve agents acquired their name because they affect the 
transmission of nerve impulses in the nervous system. All nerve agents belong to the 
group of organo-phosphorus compounds. They are stable and easily dispersed, highly 
  7
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toxic and have rapid effects both when absorbed through the skin and via respiration. 
Nerve agents can be manufactured by means of fairly simple chemical techniques. The 
raw materials are inexpensive and generally readily available.  
The nerve agents include: Tabun (NATO military designation, GA), Sarin (NATO 
military designation, GB), Soman (NATO military designation, GD), GF (Cyclohexyl 
methyl phosphonofluoridate), VX (Methylphosphonothioic acid S-(2-(bis(1-
methylethyl)amino)ethyl) O-ethyl ester), GE (Phosphonofluoridic acid, ethyl-, isopropyl 
ester), VE (Phosphonothioic acid, ethyl-, S-(2-(diethylamino)ethyl) O-ethyl ester), VG 
(Amiton), VM (Phosphonothioic acid, methyl-, S-(2-(diethylamino)ethyl) O-ethyl ester). 
The "G" agents tend to be non-persistent whereas the "V" agents are persistent. The 
agents which were discovered by Germans came to be known as G agents. Some "G" 
agents may be thickened with various substances in order to increase their persistence, 
and therefore the total amount penetrating intact skin. At room temperature, GB is a 
comparatively volatile liquid and therefore non-persistent. GD is also significantly 
volatile, as is GA though to a lesser extent. VX is a relatively non-volatile liquid and 
therefore persistent. It is regarded as presenting little vapor hazard to people exposed to it. 
In the pure state nerve agents are colorless and oily liquids. In an impure state nerve 
agents may be encountered as yellowish to brown viscous liquids. Some nerve agents 
have a faint fruity odour. GB and VX doses which are potentially life-threatening may be 
only slightly larger than those producing least effects. Death usually occurs within 15 
minutes after absorption of a fatal VX dosage (2 mg). 
Although only about half as toxic as GB by inhalation, GA in low concentrations is more 
irritating to the eyes than GB. Symptoms appear much more slowly from a skin dosage 
than from a respiratory dosage. Respiratory lethal dosages kill in 1 to 10 minutes, and 




Blister/Vesicant Agents  
Blister or vesicant agents are likely to be used both to produce casualties and to force 
opposing troops to wear full protective equipment thus degrading fighting efficiency, 
rather than to kill, although exposure to such agents can be fatal. Blister agents can be 
thickened in order to contaminate terrain, ships, aircraft, vehicles or equipment with a 
persistent hazard. Blister agents include Lewisite (L), Mustard-Lewisite (HL), Nitrogen 
mustards (HN-1, HN-2 and HN-3), Phosgene oxime (CX), Sulfur mustards (H, HD, HT). 
Normal mustard agent, bis-(2-chloroethyl)sulfide, reacts with a large number of 
biological molecules. The effect of mustard agent is delayed and the first symptoms do 
not occur until 2-24 hours after exposure [5].  
 
Blood Agents 
During and immediately after exposure, there is likely to be coughing, choking, a feeling 
of tightness in the chest, nausea, and occasionally vomiting, headache and lachrymation. 
The presence or absence of these symptoms is of little value in immediate prognosis. 
Some patients with severe coughs fail to develop serious lung injury, while others with 
little sign of early respiratory tract irritation develop fatal pulmonary edema. A period 
follows during which abnormal chest signs are absent and the patient may be symptom-
free. This interval commonly lasts 2 to 24 hours but may be shorter. It is terminated by 
the signs and symptoms of pulmonary edema. Casualties may very rapidly develop 
severe pulmonary edema. If casualties survive more than 48 hours they usually recover. 






Inhalation of selected organohalides, oxides of nitrogen (NOx), and other compounds can 
result in varying degrees of pulmonary edema, usually after a symptom-free period that 
varies in duration with the amount inhaled. Chemically induced acute lung injury by 
these groups of agents involves a permeability defect in the blood-air-barrier (the 
alveolar-capillary membrane); however, the precise mechanisms of toxicity remain an 
enigma. Perfluoroisobutylene (PFIB) is a toxic pyrolysis product of tetrafluoroethylene 
polymers encountered in military materiel (e.g., Teflon7, found in the interior of many 
military vehicles). The oxides of nitrogen (NOxs) are components of blast weapons or 
may be toxic decomposition products [7]. 
 
Delivery and Physical Properties 
Chemical agents can be released by artillery shells, rockets, bombs, grenades, mines, 
aircraft sprays, and missiles [8]. Additionally, they can be sprayed from air, land, and 
water vehicles or covertly used to contaminate food and water supplies. Common forms 
of chemical agents include: 
 
Gases and Vapors 
Gases and vapors are usually invisible. However, gas clouds may be visible for a short 
time after their release or in areas where there is little air movement to dissipate them. 
Their primary route of entry is through the respiratory tract, although some agents in 
heavy concentrations can penetrate the eyes and exposed skin. Gases and vapors may 
linger for up to several hours, with heaviest concentrations occurring in low-lying, dead 





Liquid agents can be clear to dark in color and have the viscosity of fine machine oil; 
thickened agents may have the appearance of motor oil. Chemical agents used in liquid 
form can be extremely difficult to detect with the unaided eye. The most reliable method 
of both detecting and identifying liquid nerve and blister agents is M8 chemical detector 
paper. Finally, liquid agents also release toxic vapors that can be inhaled and can remain 
effective for many days. 
 
Solids (Powders) 
Some agents are released in powder form. They can enter the body through the skin or be 
inhaled. Agents in dust-like form are released in a variety of climatic conditions and can 
remain effective for many weeks. These "dusty" agents are difficult to detect unless 
wetted. Once detected, they may be decontaminated with a 5 percent chlorine bleach 
solution.  
2.2 History of Chemical Warfare  
 
Historically mankind has used poisonous chemicals for the purpose of defense, i.e. to 
disable, incapacitate or kill insects and other animals. The concept of chemical warfare 
existed as early as the Romans In World War I tear gas, phosgene, chlorine, mustard 
gases and other respiratory impairment agents were used. The German soldiers used 
chlorine gas resulting in the deaths of more than 5,000 troops. This marked the first time 
for the usage of chemical weapons.  Many countries voted against the use of chemicals as 
weapons and signed the “Protocol for the prohibition of use in war of asphyxiating, 
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poisonous or other gas, and of bacteriological methods of warfare” also known as the 
Chemical Weapons Convention (CWC, 1925, Geneva).  
 
However, in World War II, nerve agents such as tabun and sarin were developed and 
stockpiled by the Germans and used to kill thousands of concentration camp victims. The 
Japanese imperial army also used chemical weapons during WWII and causalities due to 
chemical and biological weapons alone touched 100,000 [1]. Although the other chemical 
weapons are equally toxic, only the nerve agents and vesicants are often encountered in 
history. This is because, both the nerve agents and mustard agents are less volatile 
compared to the blood and choking agents (which are predominantly gases) and hence 
handling and dissipation are easier and do not have to depend on extraneous factors such 
as wind direction and temperature.   
 
Figure: 2.1 A brief history of Chemical Warfare 
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2.3 Protection from CWA 
Charcoal impregnated fabrics have been used by the military personnel for a long time to 
protect against the chemical contaminants. Charcoal impregnated NBC suits are semi-
permeable and must be worn over normal combat clothing. The NBC suit fabric is 
impregnated with a charcoal lining that works in exactly the same way as a respirator 
filter by removing contaminants and toxins. The semi-permeable fabric allows 
perspiration to escape, which keeps the soldier cooler for a greater period of time than if 
he was wearing impermeable material. This type of NBC suit offers protection against 
toxins and chemical agents in liquid droplets, vapor and aerosol form. Because the fabric 
is semi-permeable, it cannot protect the wearer against liquids, and wet or saturated suits 
(either by precipitation, chemical agent or from the soldier’s own perspiration) are 
compromised and must be replaced [6]. 
 




Charcoal impregnated NBC (Nuclear, Biological, Chemical) suits are designed to have a 
limited lifespan and must be replaced after a set exposure or wearing time. An important 
feature of the chemical warfare agent is its persistence. Nerve agents and mustard gas are 
characterized by very low vapor pressures (very persistent) and hence when dispersed or 
sprayed on a surface, they stay on for very long time without evaporating. This 
necessitates a protective system which needs to have superior adsorption capacity such 
that all of the agents can be effectively adsorbed. Charcoal is one such potential candidate.  
A study conducted by U.S. Department of Defense to measure performance decrements 
associated with wearing chemical warfare (CW) protective combat clothing indicated that 
heat stress seriously degrades human performance. Many combined arms, field studies, 
and laboratory studies indicate that when CW-protective combat clothing is worn 
performance is seriously degraded for the detection of targets, engagement time, accuracy 
of fire, and manual dexterity tasks; and that a variety of psychological effects are created 
[6].   
In 1993 the US government launched the JSLIST program. The JSLIST (Joint Service 
Lightweight Integrated Suit Technology) suit is a lightweight, two-piece overgarment 
based on the unique SARATOGA® technology. 
The latest generation of adsorptive filter layers adopted by JSLIST is based on activated 
carbon in the form of spherical adsorbers as shown in (Figure 2.2) [7]   
It is the first filter layer which offers protection against neat and thickened chemical 
warfare agents for an extended period of time due its superior protective capacity. 
  14
Chapter –II 
               
  (a)            (b)         (c)   
Figure 2.3 (a) Model of the JSLIST developed fabric and 
(b) Activated carbon in spherical form which is used in the SARATOGA fabric (c) Mesopores in a single 
carbon sphere/granule (adapted from [7]) 
 
With a carbon density of up to 200 g/m2, the capacity of SARATOGA is by far the 
highest on the market. The carbon used for this material comes from coconut shell. By 
steam treatment at elevated temperatures (1000oC) smaller pores are introduced. These 
are however only surface pores and are called mesopores (2-50nm diameter). The 
chemical warfare agents such as the nerve and mustard agents due to their low volatility 
infuse slowly by Knudsen diffusion into the mesopores and remain there indefinitely. 
Due to the advanced technology of attaching the carbon spheres to a textile carrier fabric, 
the majority of the outer surface of the spheres is freely accessible to harmful gases. 
Since 1997, JSLIST’s SARATOGA has been the only chemical and biological protective 
overgarment approved for use by all branches of the U.S. Military [7].  
2.4 Use of electrospun nanofibers for chemical warfare protection 
The first report on electrospun nanofibers to be used for protective clothing application 
was from Donaldson Inc. and the Gibson group at Natick [8]. They described the 
suitability and performance of nanofiber membranes against aerosol and bacterial 
contaminants. Polyurethane and a Donaldson synthesized elastomer were blended with 
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polyoxometalates (POM). This precursor was electrospun into nanofiber composites and 
they were tested against CEES. 65% of CEES was reported to be detoxified in 24 hours.  
Ramkumar and co-workers reported [10] that polyurethane nanofibers can be used to 
sandwich activated carbon and can act as effective wipes for chemical warfare agent, 
however, the functional element being activated carbon, just aids in adsorption and 
detoxification was not observed. 
So far, except this study [9], these are the only two published reports that talk about 
electrospun nanofiber for chemical warfare decontamination application. 
2.5 Motivation for the research 
Limitations such as disposal, weight and moisture exchange inhibition exist in the current 
activated carbon lined clothing. Electrospun nanofibers with high surface area and 
porosity could be niche materials for this application. Furthermore, there has not been 
much work done in this area. If successful, this research could revolutionize the 
protective clothing/face masks industry. The demand for a better material with adequate 
performance capability has inspired this research. There exists a potential to validate the 
process of electrospinning itself for this application by investigating the existence of any 
size or structure related effect in the electrospun nanofibers.  
2.6 Electrospinning  
Of the five established principal methods of fabricating sub-micron fibers viz. phase 
separation, electrospinning, drawing, template synthesis and self-assembly, 
electrospinning is the most commercially viable process that has the potential of scale-up. 
This method of manufacturing fibers is known since 1902 when J.F Cooley patented this 
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technique. The method gained more popularity since then and more than 50 patents have 
been filed for electrospinning of different polymers from melt or solutions. [11] 
Electrospinning is a relatively simple fibre-forming process and offers a unique method 
to produce nanofibers from polymer solutions or melts. Electrospinning relies on 
electrostatic forces obtained by applying an electrical field by means of a DC voltage 
source between the tip of a nozzle and a collector. Once the electrostatic forces overcome 
the surface tension of the polymer solution at the nozzle tip a jet stream is drawn from the 
tip of the nozzle. The jet elongates while solvent is evaporating and the so produced 
nanofibers are deposited on the collector in the form of a random nonwoven structure. 
The process is shown in (Figure 2.4). The advantages of electrospinning technique are 
that the electrospun fibers have very small diameters and therefore a high surface area-
volume ratio which is suited for some specialized applications [3]. Another advantage is 
that electrospinning is inexpensive and only a small amount of polymer solution is 
required to make the fibers. It is important to understand that industries have been paying 
close attention to the many different applications of the electrospun nanofibers. Thus 
several industries across the World are engaged in the fabrication of electrospun 
nanofibers for various applications. Appendix-1 shows a listing of industries around the 





Figure 2.4: Model of the electrospinning set-up (adapted from [11]) 
 
Electrospinning can produce seamless garments by integrating advanced manufacturing 
with fiber electrospinning. This would introduce multi-functionality (flame, chemical, 
environmental protection) by blending fibers into electrospinlaced layers in combination 
with polymer coatings. High-tech applications for multifunctional fabrics warrant the 
investigation of novel textile manufacturing technologies, such as electrospinning, which 
has the capability of lacing together numerous types of polymers and fibers in a direct 
one step operation to produce ultra thin layers of protection. These fibers are also 
expected to be excellent substrates for immobilized enzymes and other catalyst systems 
to break down toxic chemicals. Recent results show that these fiber webs are efficient 
aerosol filters [4].   
2.7 Electrospinning applied to ceramic systems  
One of the main advantages of electrospinning is its versatility; recently, many ceramic 
systems have been fabricated by electrospinning [14].   
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In order to successfully e-spin nanofibers, ceramic nanoparticles of suitable size (<fiber 
diameter) or precursors for ceramics are required in order to improve the surface area of 
the nanofiber via physical or chemical bonding onto the fibers. Nanoparticles typically 
need to be dispersed in order to achieve an acceptably low viscosity; whereas ceramic 
precursors can be reacted in the syringe or in the e-spinning fiber to yield an in situ 
chemical synthesis (e.g., sol–gel, co-precipitation, etc.). These two techniques have relied 
on using a polymer backbone to encapsulate ceramic nanoparticles in the dried green 
fiber. The polymer is mainly necessary to maintain the necessary viscosity and surface 
tension required to produce fibers by e-spinning. The next steps after e-spinning are 
calcination and annealing for binder removal and sintering of the ceramic nanoparticles, 
finally resulting in purely ceramic nanofibers [14].   
The nanoparticle dispersion technique is essentially a two-step process where ceramic 
nanoparticles are synthesized and then incorporated into a chosen polymer matrix. 
Ceramic nanoparticles can be produced by various techniques, such as co-precipitation 
(PPT) in reverse micelles, sol–gel chemistry, micro-emulsion, hydrothermal or solvo-
thermal, template, biomimetic synthesis, chemical vapor deposition, surface 
derivatization, and many more [13].  This two-step process is versatile because of the 
separation of particle synthesis and processing allowing the synthesis to be controlled and 
performed at a different location and time if desired. The critical processing step in this 
technique is controlling the dispersion of the nanoparticles in the polymer before the e-
spinning process. 
Sol–gel reaction is essentially a polymerization process characterized by hydrolysis and 
condensation reactions that may involve an acid or base catalyst. Hydrolysis refers to a 
reaction step wherein the metal alkoxides form complex ligands with the aqueous ions 
and thus the alkoxide groups are substituted by hydroxyl groups. The degree of 
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hydrolysis of the precursors depends on the electro negativity of the metal (coupled to the 
alkoxide). For the reaction to take place, the metal alkoxide precursors need to be 
solvated in non-aqueous solutions with strict control over the amount of water in the 
system. The presence of a catalyst may reduce the rate of hydrolysis, which allows 
enough time for the precursors to solvate and thus slowly hydrolyze. In the condensation 
reaction metal hydroxides form metal oxygen bonds while forming water molecules. 
Controlling the rates of either hydrolysis or condensation steps is necessary for achieving 
a certain particle size range. Incorporating sol–gel precursors can be a difficult task in 
electrospinning ceramics if the effects of miscibility and rates of hydrolysis and 
condensation are not accounted for. Remarkably, the majority of electrospun ceramics 
reported in literature have been synthesized from precursors with low electronegativities 
which result in more rapid hydrolysis rates and particle formation before electrospinning.  
 
While incorporating an acid or base catalyst may retard the rate of the reactions, it can 
also affect the polymer characteristics. In addition, the exclusion of certain acids or bases 
is highly desirable, as they can become impurities within the ceramics, e.g. sodium ions 
from the addition of sodium hydroxide [14]. The soluble sol–gel precursors are combined 
with a solvent and polymer and are then electrospun. A main concern with this method is 
the miscibility of such chemicals and their reaction kinetics. The latter concerns have not 
been studied in the published literature for electrospun ceramic fibers. Depending on the 
reaction kinetics, particles can form immediately or form over time within the polymer 
matrix. After spinning, atmospheric water diffuses through the polymer matrix to 
hydrolyze the precursors and further the sol–gel precursor reaction. In general, PPT and 




control of crystallinity, grain/crystal size, shape, morphology, stoichiometry, and 
interfacial properties to achieve good homogeneity [12- 14].  
Further, even though forming electrospun nanofibers by incorporating metal–organic 
precursors with polymers is the most common practice today, electrospinning using 
ceramic precursors alone is possible and transition toward this approach is expected.  
Not only nanofibers but also other morphologies such as hollow tubes, beads, ribbons, 
mesoporous structures, composites and coated nanofibers for various applications such as 
biomedical, PZT (piezoelectric), magnetic sensors, semiconductor materials have been 
fabricated [12].  
2.8 Unique properties of electrospun nanofibers over other structures 
Size dependent effects have been reported to have been observed in materials at the 
nanoscale. There are two kinds of size dependant effects; surface effect and quantum 
effect. While the surface effect is smoothly scalable/ predictable with size, the quantum 
effects are discontinuous due to completion of shells in the systems with delocalized 
electrons.  
However, so far there has not been a single report quantifying the size or the quantum 
surface effect of electrospun nanostructures. From first principles it is possible that by 
reducing the fiber diameter, the fraction of surface atoms can be increased and this could 
potentially affect the chemical potential (in case of a catalyst) or other physical properties 
such as conductivity, magnetic property, etc depending on the material of the nanofiber. 
This research attempts to investigate into the size dependant effects of nanofibers, 
demonstrating their chemical reactivity with respect to size and structure.  
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CHAPTER 3 – Polymer Nanofibers Functionalized with 
Catalyst for Detoxification of Nerve Agents 
3.1 Organophosphorus Nerve Agents 
The accidental or intentional release of chemical warfare agents in the environment is a 
serious issue and can cost many lives. The term chemical warfare agent includes 
chemicals like nerve gas, mustard agent, blood agents and other toxins such as arsine, 
chlorine, phosgene, etc. Of these the organophosphorus (OP) nerve agents are of 
particular interest due to their acute neurotoxicity [15]. The different classes of nerve 
agents are shown in Figure 3.1  
Organophosphorus (Nerve) Agents
Tabun















Figure 3.1: Types of Organophosphorus Nerve Agents 
 
These organophosphorus agents exert their toxic effect by inhibiting the acetylcholine 
esterase (AChE; E.C. 3.1.1.7), which is an important enzyme for the central and 
peripheral nervous system. AChE hydrolyses the neurotransmitter acetylcholine (ACh). 
Thus inhibition of AChE would cause immediate nervous disorder resulting in death. 
Protection against the neurotoxic OP compounds can be achieved through use of 
protective clothing and topical skin protectants.  
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3.2 Methods of Detoxification of Nerve Agents  
Various techniques have been cited to decompose the organophosphorus agents by the 










Figure3.2: Degradation routes of OP Compounds 
 
Enzyme degradation is the most selective, fast and simple approach but is associated with 
a lot of limitations such as cost, enzyme stability, large scale production etc. The next 
preferred method that is economically feasible is the chemical approach. Simple 
chemicals containing hydroxyl groups such as alkalis act as good nucleophiles and aid in 
breaking the P-X bond to give phosphoric acid and other non-toxic by products. Oximes 
(R-CH=N-OH) are also good nucleophilic agents with high selectivity for 
organophosphorus agents [23]. Recently, metal oxide nanoparticles such as MgO, CaO, 
TiO2, ZnO and Fe2O3 have been reported with high selectivity for OP hydrolysis [23]. It 
has also been shown that surface area is not the only criterion for shielding off warfare 
agents, the reactivity also matters. This was proved by the fact that the MgO 
nanoparticles worked much better than their counterpart activated carbon despite of their 
lower surface area [23]. Despite their good traits, in practice, the synthesis techniques and 
aggregation problems of the metal oxide nanoparticles make it difficult to use them by 
incorporation into nanofiber based filter media for the detoxification. Cyclodextrin (CD) 
and its derivatives are potentially interesting in this context because their hydrophobic 
cavity mimics the catalytic activity of enzymes providing specificity towards binding 
with the chemical warfare agent. Various esters can bind into the CD cavity and then 
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react with its hydroxyl group [24-30]. CD has shown to have increased the cleavage of 
bis(paranitrophenyl)phosphate by almost two orders of magnitude [31]. The rate of 
capture could be improved by capping. But, the best method by which one can mimic the 
selectivity and kinetics of the enzyme based approach is by introduction of a reactive 
functional moiety. In an attempt to mimic the enzyme functionalities using these 
chemical molecules so as to achieve comparable kinetics, selectivity and performance for 
the decontamination reaction. Of the three different CDs available β-CD was chosen 
because soman and sarin have been reported to show better affinity for β-CD compared 
to the α-CD and γ-CD types [32].  
Ortho-iodobenzoic acid (IBA) is another detoxification agent known to act as an anionic 
nucleophile on the Phosphorus atom of various organophosphorus nerve agents [25-29]. 
This compound is active in all types of neutral and also aqueous media. The choice of 
IBA as a catalyst for detoxification of OP agents is already justified [32]. The use of IBA 
alone as a hydrolysis agent has also already been indicated [33]. IBA is a niche catalyst 
because it can be regenerated easily. On reaction with the OP compounds, the IBA gets 
converted into o-iodobenzoate ion. Oxidants such as NaIO4, HSO5-, oxone and 
magnesium peroxyphthalate (MPPA) can be used to regenerate the IBA in its active form 
[34]. Apart from its catalytic activity towards OP compounds, IBA is known to be a good 
oxidizing agent for mustard gas (HD) and its derivatives, which form another class of 
warfare agents (blister agents) [35, 36]. The functionalization of β-CD with IBA was 
carried out and yielded compounds with pertinent reactivity for hydrolysis of OP agents 
[32].  
For the search of a material to mount the catalyst and make it into a fabric or filter media, 
polymer nanofibers were proposed. Electrospun polymer nanofibers have broad 
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application in composite non woven structure in traditional markets. They are being 
considered for various applications in specific areas like catalysis, filtration, NEMS, 
nano-composites, nanofibrous structures, tissue scaffolds, drug delivery systems, 
protective textiles, storage cells for hydrogen fuel cells, etc; where their unique properties 
contribute to the product functionality [38, 39]. Some of the unique properties that are 
typical of the nanofibers are high specific surface area, small fiber diameter, the potential 
to incorporate active chemistry, filtration properties, layer thinness, high permeability and 
low basis weight [37]. The nanofibers have very small diameter and the electrospun 
media possesses only limited mechanical properties. But, this fact is not a major concern 
because the mechanical properties of the nanofibers can be enhanced by choosing the 
right substrate combination and bonded together to form a composite material which has 
both the functionality (due to nanofiber media) and the mechanical strength (due to the 
substrate). Composite structure design thus forms a critical step in development of a 
structure incorporating electrospun nanofibers. Such composite media have already been 
developed and used in Ultra-Web® filter cartridges since 1981. The idea of incorporation 
of functionalized nanofiber webs in protective cloth is novel and can serve twin purposes; 
first, the nanofiber web provides enhanced protection against aerosols and all types of 
liquid intrusion. This is important because most of the chemical warfare agents are 
predominantly delivered as aerosols. Secondly, the polymer nanofiber will serve as a 
carrier of active functionality (chemical / biological groups) that can react and detoxify 
the warfare agent of concern, without adding much weight to the existent fabric [39-41]. 
Thus, considering all aspects, functionalization of nanofibers with the appropriate catalyst 
seemed to be a promising approach.  
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In this section, a catalyst for the detoxification of nerve agents is synthesized, from β-
cyclodextrin (β−CD and o-iodosobenzoic acid (IBA). Functionalized polymer nanofiber 
membranes are made by electrospinning this catalyst and PVC polymer solution and then 
tested for hydrolysis of paraoxon, a nerve gas stimulant. UV measurement indicates that 
the catalyst hydrolyses the paraoxon. Hitherto, no reports are available on the 
detoxification study of these functionalized membranes in the literature.  
 
3.3 Materials and Experiments 
Poly(vinylchloride) (PVC) polymer (Aldrich, U.S.A), β-CD (Fluka, U.S.A.), o-
Iodosobenzoic acid (Sigma, U.S.A.), Triton X-100 (Sigma, U.S.A)  sodium hydride (60%, 
in mineral oil,  Aldrich, U.S.A.) Paraoxon, (Diethyl p-nitrophenyl phosphate, Sigma, 
U.S.A), activated charcoal granular, 20-50 mesh (Sigma, U.S.A.) were used as received. 
Solvents such as tetrahydrofuran (Merck, Germany), and acetone (Merck, Germany) 
were used as such without any further purification. Dimethyl formamide (DMF) (Merck, 
Germany) was dehydrated before usage by storage with molecular sieves after heating to 
1050C for two hours.  
SEM images were obtained from Quanta 200 instrument from FEI (The Netherlands). IR 
spectra were recorded using an ATR/ FT-IR spectroscopy tool from Thermo Nicolet 
(Avatar 360 FTIR Spectrometer). 1H and 13C NMR spectra were recorded from a Bruker 
DPX 300 Spectrometer working at 300 MHz (for H-NMR) and 75 MHz (for C13 NMR). 
Chemical shifts are reported in ppm downward field δ from tetramethylsilane. Water 
contact angles were measured using VCA-Optima Surface Analysis XE System equipped 
with image processing and measuring tool (AST Products Inc). Absorbance was 
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measured using Unicam UV-VIS 300 series spectrophotometer with vision data system 
(Thermo Spectronics).  
PVC nanofiber membranes were prepared by electrospinning technique described in 
detail. A solution of 10% (by wt.) of the polymer was prepared using solvents DMF and 
THF (3:2, by wt.). The polymer solutions were stirred overnight at room temperature and 
added to a 3 ml syringe and pumped through a needle of internal diameter 0.4 mm, at a 
constant rate of 1 ml/hour. The applied voltage was 13-15 kV and the fibers were 
collected onto Aluminum foil. The deposition time was kept constant to achieve uniform 
membrane thickness, which was verified with a micrometer. The apparent density and 
porosity of the nanofiber membranes were calculated using the equations given below: 














cmgnsityApparentDe− ] x 100 
 
where the polymer (bulk) density of PVC is 1.385 g/cm3 [25]  
 
Five different membranes were made by electrospinning, one using plain PVC as a 
control. β-CD was dissolved in DMF and then PVC was dissolved in DMF and THF. The 
ratio of polymer and cyclodextrin was maintained as 1:1/2 (by wt. %). This was then 
electrospun into nanofiber membrane. IBA was dissolved in DMF and mixed with PVC 
in THF. The ratio of polymer and IBA was 1:1/2. IBA was then dissolved along with β-
CD in DMF and to this solution PVC and THF were added and the solution was 
electrospun. The polymer solution concentration was always maintained as 10 wt%. The 
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ratio of functionality to the polymer was maintained the same as in the previous case 
(1:1/2) and the mole ratio of β-CD to IBA was kept as 1:1. Finally, a complex of IBA and 
β-CD was synthesized as described below in the synthesis section and this was then 
dissolved in DMF followed by the addition of PVC and THF as before (polymer: 




To a solution of 5 g (4.4 m mol) of β-CD (previously dried in vacuum at room 
temperature for 48 hours) in 50 ml of dry DMF (stored under molecular sieves), about 
200 mg (excess) of sodium hydride was added and stirred overnight without air contact.  
To this solution, a solution containing 1.2 g (4.5 m mol) of IBA dissolved in 20 ml of dry 
DMF was added drop wise with stirring. Two drops of the surfactant Triton-X were also 
added. This mixture was stirred (without any air contact) for overnight. Acetone (1 liter) 
was added to this mixture and the product was precipitated. The product was further 
washed with acetone and dried in vacuum to a constant weight. (3-carboxy-4-
iodosobenzyl) oxy-β-Cyclodextrin was obtained as a white solid (yield 80%).  
3.5 Characterization and Analysis 
The characterization of the product (3-carboxy-4-iodosobenzyl) oxy-β-Cyclodextrin was 
obtained was carried out by using C13 NMR 1H-NMR and IR spectral analyses. Its 
melting point was found to be 78 0C approximately via DSC (differential scanning 
calorimetry) technique. IR analysis: ν (cm-1) 3400 (C-Ar), 1710 (COOH), 1230 (C-O-C); 
1HNMR (DMSO-d6): δ 2.21-3.38 (s, 128H, 52H from H2O), 5.75 (m, 13H, OH-2&3), 
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4.85 (bs, 7H, H-1), 4.51 (m, 7H, OH-6) and 7.49-7.95 (m, 3H, H-Ar). 13C NMR (DMSO-
d6): δ 60.1 (C-6), 72.2 (C-5), 72.7 (C-3), 73.2 (C-2), 81.7 (C-2’), 82.4 (C-4), 82.8 (C-4’), 
99.2 (C-1’), 101.1 (C-1), 102.7 (C-I), 127.1, 131.2, 131.4, 140.0, 145.4 (5 x C-Ar), 162.2 
(CO). IR analysis (FT-IR ATR) of nanofiber surface PVC: ν (cm-1) 2910 (C-H), 630 (C-
Cl), PVC-β-CD: ν (cm-1) 3520 (O-H), 620 (C-Cl); PVC-IBA: ν (cm-1) 3110 (C-Ar), 1720 
(COOH), 610 (C-Cl); PVC-IBA-β-CD: ν (cm-1) 3640 (O-H), 3070 (C-Ar), 1700 (COOH), 
670 (C-Cl); PVC-synthesized complex: ν (cm-1) 3360 (C-Ar), 1690 (COOH), 1210 (C-O-
C), 680 (C-Cl)  
3.6 Testing the OP hydrolytic activity 
Paraoxon (p-nitrophenyl diethyl phosphate, Figure 3.3) was chosen as the 
organophosphorus model compound. This compound was chosen as it is chemically 
similar to the OP agent sarin (GB) and its hydrolysis can be easily monitored using a 
spectrophotometer by the change in absorbance. Stock solution of paraoxon (100 mM) 
was prepared using acetone. In four separate beakers, uniform weight of the electrospun 
nanofibers were taken and dipped in this solution. The hydrolysis of paraoxon was 
monitored up to 15 hours by following the release of the leaving group, p-nitrophenol (λ 
= 410±10 nm). The control cuvette contained the paraoxon solution prior to dipping the 
nanofiber. Kinetics of hydrolysis was carried out with three different concentrations of 











3.7 Results and Discussion 
The SEM images of the functionalized nanofibers are shown in Figure.3.4. The planar 
images were analyzed for fiber diameter and orientations of fibers. The Java image 
processing software [Image J 1.29 (222 commands)] was used for measuring the diameter 
of fibers and thickness of mat from stored SEM images. At least four pictures were used 
for calculating the mean values of diameter of fibers (using 6 measurements per picture). 
The difference between the diameters of fibers in the given specimen was significant and 
hence it was preferred to report the results with standard deviation. PVC fibers 400±30 
nm, PVC with β-CD 450±20 nm, PVC with ΙΒΑ 420±20 nm, PVC with β-CD and IBA 
450±10 nm, PVC with β-CD and IBA derivative 300±20 nm. When morphology of these 
functionalized fibers were compared, it is found that PVC functionalized with IBA, β-CD 
and both have comparatively less rough exterior morphology (Figure 3.4 a-c) than 
synthesized derivative (Figure 3.4 d) and the latter reveals regular folds and is not as 
smooth as the other functionalized PVC nanofibers. The properties of the nanofiber 
membranes are tabulated in Table 3.1. The porosity of all membranes was greater than 
80% which shows that these membranes will allow for excellent moisture exchange 
between the wearer and surroundings.  
Table: 3.1 Properties of Nanofiber Membranes 
Type Membrane 
Thickness (μm) 






PVC 10  0.23 0.23 83.4 
PVC + β-CD 14 0.38 0.27 80.5 
PVC + IBA 16 0.30 0.19 86.3 
PVC + β-CD 
+ IBA 
15 0.27 0.18 87 
PVC + β-CD 
derivative 





Figure3.4: SEM image of (A) PVC-β-CD, (B) PVC-IBA, (C) PVC-β-CD and IBA and (D) 
PVC and (3-carboxy-4-iodosobenzyl) oxy-β-CD nanofibers 
 
The static water contact angles of the four nanofibrous membranes were measured and 
found to be 100 (PVC), 120 (PVC-β-CD), 100 (PVC-IBA) 70 (PVC-β-CD and IBA) and 
90 (PVC and (3-carboxy-4-iodosobenzyl) oxy-β-CD membrane), and it was concluded 
that all the four membranes were extremely hydrophilic. It has been earlier reported [28] 
that PVC polymer films have a static water contact angle of 200. The sudden increase in 
hydrophilicity is an interesting characteristic that is shown when a material is in the 
nanofibrous form. The same trend has been already observed and reported for both 
hydrophilic and hydrophobic polymers, wherein the case of hydrophobic materials, there 
was a sudden increase in the hydrophobicity when the material was in nanofibrous form 
[43].  
Functionalization of β-CD was done by treatment with NaH to generate the mono sodium 
salt of β-CD; this reacted with the iodosobenzoic acid in reducing medium to give the 
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substituted complex. Substitution of β-CD can take place either in position 2, 3 or 6 
hydroxy group [32]. The hydroxy group present in position 6 which corresponds to a 
primary alcohol is less acidic (pKa ~15-16) [43]. Amongst the two secondary alcohols, 
the most acidic is situated in position 2 (pKa =12.1) [43]. In the case of hydroxy group in 
position 3, the main factor is the structure which makes the access difficult. The choice of 
substitution in position 2 is confirmed by the fact that it was the best possibility to obtain 
a mono substitution. It is well known that the degree of functionalization was controlled 
by the amount and strength of alkali used. This is the reason why NaH (in excess) was 
used instead of NaOH or KOH. The reaction with iodosobenzoic acid would yield 
different region isomers depending on the position where the linker gets attached to the 
benzene ring. It has been reported that out of the four possible region isomers, 3-carboxy-
4-iodosobenzyl substitution was more likely [44] i.e. the linker in the m-position of the 




















The four possible region-isomers that are formed during this reaction are as follows: 
 






















Scheme 2: Regio-isomers of IBA-β-CD 
 
Out of these four isomers, structures (a) and (d) do not form due to steric resistance. Out 
of the two possible structures, (b) and (c), due to the extreme nucleophilicity of the I=O 
group, it has been shown that isomer (c) always forms in a larger proportion (selectivity 
about 66%). Thus compound (c) is (3-carboxy-4-iodosobenzyl)-oxy-β-cyclodextrin 
preferentially synthesized. Hydrolytic assays were carried out with paraoxon as the OP 
model. It has been reported that the relative position of the ether linker between the IBA 
and β-CD (ortho, para or meta to the iodoso group) has an influence [45] on the relative 
reactivity towards the OP agents. Thus, it is significant to note that compound (c) is 
expected to react with the OP agents and hydrolyze them. Therefore the extent of 
hydrolysis is proportional to the yield of (c) (3-carboxy-4-iodosobenzyl)-oxy-β-
cyclodextrin present in the mixture.  
Treatment of the functionalized fibers with paraoxon will result in the hydrolysis of 
paraoxon to give p-nitrophenol and diethyl phosphoric acid. p-nitrophenol gets trapped 
into the CD cavity and hence the kinetics of hydrolysis showed a saturation after a certain 
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point of time. This is why PVC functionalized with β-CD shows a plateau much faster 






Scheme 3: Reaction of IBA-β-CD with Paraoxon 
 
The size of p-nitrophenol molecule is suitable to form an inclusion complex in the CD 
torus and it is known that phenol derivatives can form more or less stable complexes with 
β-CD. The high stability of the complex formed between the p-nitrophenol and β-CD 
could be explained by polarizability and resonance delocalization in the anion (p-








































The graph showing absorbance changes during the first 100 minutes is shown in 
(Figure.3.6) It is observed that the kinetics and reactivity of the synthesized complex is 






























Figure3.6: Change in the absorbance (at 410±10 nm) for the first 100 minutes 
 
The absorbance kinetics of paraoxon hydrolysis with time in solution was measured by 
the addition of same mass of activated charcoal as that of nanofiber membrane taken. The 
relative rates of hydrolysis for functionalized nanofiber membranes were calculated by 
choosing activated charcoal as the basis and the obtained values are tabulated in Table 
3.2 
Table 3.2 Relative rates of OP hydrolysis by different functionalized nanofiber membranes 
 
Functional agent on PVC nanofiber Relative Rate of Hydrolysis 
Activated Carbon  1.0 
β-Cyclodextrin (β-CD) 1.75 
Iodosobenzoic Acid (IBA) 2.5 





The observed relative rates show that the synthesized β-CD derivative is 11.5 times faster 
than the conventional activated carbon used in protective clothing and canisters. (3-
carboxy-4-iodosobenzyl)oxy-β-CD is more efficient and faster than just β-CD or IBA or 
their combination.  
The SEM image of granular activated carbon is shown in (Figure 3.7), revealing the pores 
in which the physical adsorption of OP compound takes place. It has low selectivity and 
is reversible, causing disposal concerns. Whereas, polymer nanofiber membranes, 
functionalized with the β-CD act as highly selective catalysts for the hydrolysis of nerve 
agents and the adsorption is found to be destructive adsorption. Thus, these membranes 
could be effectively packed along with other woven media (as in a sandwich) to provide 
protection for the user against the CW agents. 
 
Figure 3.7: SEM Image of granular activated Carbon 
3.8 Summary  
A polymer nanofiber membrane was functionalized to capture chemical warfare agents. 
A novel catalyst with a higher efficiency than the prevailing ones was synthesized; this 
was mounted on the nanofiber media and tested using the OP simulant. The observed 




performance of the synthesized catalyst is good. The properties provided by filter 
membrane with increased porosity and hydrophilicity in combination with improved 
catalytic performance given by catalyst material indicate that these functionalized 
membrances are suitable to use in filter media. Following the success of this study, it was 
planned to functionalize the nanofibers with different catalysts that can degrade other 
types of chemical warfare agents in the following chapters. Once this is achieved, the 
various nanofiber layers can be put together along with woven textile media (as substrate, 
for mechanical stability) to form a protective garment. Such type of protective wear 
would be much less heavier than the charcoal impregnated suits and would allow for 
moisture exchange. Such suits would offer the wearer both protection and comfort.  
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CHAPTER 4 – Ceramic Nanofibers for Detoxification of 
Chemical Warfare Agents   
4.1 Background and Introduction 
Metal oxides are being considered as possible alternatives to activated charcoal for 
offering protection against chemical warfare agents. This is in lieu of their superior 
reactivity towards the chemical warfare agents. It is for this reason even activated carbon 
is impregnated with metal oxides (ASZM-TEDA grade [46]) when used for the protective 
wear. Some of the reported [47-49] materials include metal oxides Zn, Ti, Fe, Mn, Mg, 
Al, Zr, V, Cu, Ni and Ca. Gold coated iron, nickel and cobalt ferromagnetic nanoparticles 
have also been reported to detoxify chemical warfare agents [50-54]. The enhanced 
activity of TiO2 against mustard agents has been investigated recently [55]. For a material 
to function as an effective sorbent, it is essential that it must possess a high surface area. 
The quest for increased surface area has led to nano-sizing of materials.  
In this section, it is hypothesized that nanofibers of zinc titanate will possess the ability to 
bind and decompose the mustard agents and the organophosphorus nerve agents. The 
inspiration for this material system comes from the fact that the zinc titanates have been 
used as excellent sorbents for sulfur removal in the petroleum industry. It is also 
noteworthy that zinc oxide is used to fabricate sensors for detection of organophosphorus 
agents in gas phase [56-57].  
The phase diagram for the ZnO-TiO2 system was developed in 1960 [57] and since then 
this system has attracted a lot of interest due to the numerous applications of zinc titanate 
in dielectric, and semiconductor industries. This material is also well known to catalyze 
dehydrogenation reactions [59]. Besides, it is also used in pigments and in fabrication of 
gas sensors [60, 61]. Two approaches have been cited to prepare zinc titanate in 
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nanopowder form, a physical mixing approach and sol-gel approach, with a specific 
surface of 100 m2/g. However, use of zinc titanate as a nanopowder would not be 
practically feasible when it comes to lining in a protective suit or as a filter in face mask. 
This is because of issues of aggregation and containment of the nanopowder within the 
textile. For such applications it is necessary to fabricate materials with high aspect ratios 
for ease of handling and containment within a casing. Nanofibers form the niche 
geometry for this type of application because they not only possess the nanosize features 
but also are easy to be sandwiched between successive layers of cloth or filter media. 
Electrospinning is the most widely adopted technique to produce continuous nanofibers 
[62]. It was proposed to use this technique to produce the ceramic nanofibers of zinc 
titanate by sol-gel approach using polymer binder.   
Hitherto there have been no reports about the synthesis of zinc titanate in the nanofibrous 
form. 
4.2 Experimental 
Materials and Reagents 
Polyvinylpyrrolidone (PVP) polymer ((C6H9NO)n, Mw~1,300,000) from Aldrich 
Chemicals, Germany, was used in the synthesis of the polymer precursor for 
electrospinning. Titanium Isopropoxide, 97% (C12H28O4Ti), Zinc Acetate 99.99% 
((CH3CO2)2Zn) were purchased from Aldrich Chemicals, Germany. Acetic acid, glacial 
(CH3CO2H,) was bought from Sigma-Aldrich, U.S.A.  Solvents such as glacial acetic 
acid, Ethanol (99.5%, purity ACS grade) and Acetone (99.5%, purity ACS Grade) were 
purchased from Sigma-Aldrich, U.S.A. N,N-Dimethylformamide 99.8% anhydrous 
(HCON(CH3)2) was also bought from Aldrich Chemicals, Germany, it was preheated to 
105oC and stored in Molecular Sieves (UOB Type 4Å, Fluka, Germany) prior to usage.  
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Instrument details:  
SEM images were obtained using a Quanta 200F instrument (FEI, The Netherlands). The 
samples were sputter coated with gold, using a JFC auto fine coater (JEOL, Japan). EDX 
analysis was done by a JEOL JSM 5600LV instrument (JEOL, Japan). Transmission 
Electron Microscopy (TEM) images were obtained from a JEOL (JEOL, Japan). X-Ray 
Diffraction (XRD) analysis was performed using Hitachi XRD Analyzer (Japan). 
Chemical surface analysis was carried out by using Avatar 360 FT-IR spectrometer 
(Thermo Nicolet, U.S.A). UV absorption was measured using Unicam-300 UV-Vis 
spectrophotometer equipped with vision data system (Thermo Spectronics, U.S.A). 
Raman spectroscopic analysis was done using a FT-Raman Spectrometer (FRA 106/S 
Bruker Optics, Germany). GC-MS analysis was performed using a G1530A/1099A 
system fitted with an HP-5ms chromatographic column and Chemstation software for 
data handling and interpretation (Agilent Technologies, U.S.A). Surface area was 
measured by Nova 3000 BET analyzer (Quantachrome, U.S.A).  
Preparation of the nanofibers:   
Four different precursors were prepared, one for each composition. The ratio of Ti: Zn 
was arrived at from the TiO2-ZnO phase diagram. Three mixtures were prepared for the 
three main regions in the phase diagram using 20%, 40% and 60% TiO2. Additionally a 
50% ZnO-TiO2 mixture was also prepared so as to prepare pure ZnTiO3.  
To 6 ml of ethanol, initially 0.3 g of Titanium Isopropoxide is added along with 0.77 g of 
Zinc acetate followed by 2 ml of acetic acid. The contents are dissolved and to this is 
finally added 1 g of the polymer Polyvinylpyrrolidone. This forms the precursor for 
synthesis of 20% TiO2 (by wt. of TiO2). Similarly, precursors for 40%, 50% and 60% 
TiO2 are prepared. The precursors are left under uniform stirring for about 6 hours before 
they were electrospun into fibers. The nanofibers were prepared by electrospinning of the 
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precursors. This theory and techniques of electrospinning are described in detail in [61]. 
The precursors were taken in a 3 ml syringe and pumped through a needle of internal 
diameter 0.5mm, at a rate of about 1-2 ml/hour. Humidity near the experimental set-up 
was controlled at 40-50% RH. The applied voltage was 10-15 kV and the fibers were 
collected onto an aluminium foil. The deposition time and area were maintained constant 
for the different samples so as to achieve uniform membrane thickness, and verified by a 
micrometer gauge. These nanofibers collected as random mats were then annealed in an 
air furnace at different temperatures (300-700OC) and cooled at a controlled rate of 
5oC/min. It must be noted that since PVP absorbs moisture rapidly, these fibers were 
immediately removed from the aluminium foil, transferred into a crucible and kept in the 
furnace for heat treatment as soon as they were spun.  
4.3 Testing the detoxification ability 
Paraoxon (p-nitrophenyl diethyl phosphate) was used as a simulant for the 
organophosphorus compounds. The details of monitoring the hydrolytic activity with 
nanofibers have been reported earlier [62, 63]. CEES (2-chloroethyl ethyl sulfide) was 
used as the simulant for mustard agent. A known uniform weight of the fiber sample, say 
50 mg is dipped into pure CEES: polymer zinc-titanate precursor in the molar ratio 1:1. 
The products of the reaction between CEES and the nanofiber were identified by GC-MS. 
Paraoxon and CEES have been documented as best models for the OP and mustard 
agents respectively [64]. To calculate the extent of reaction with the organophosphorus 
agent, dimethyl methyl phosphonate (DMMP) was also tested. A known weight of the 
sample, say about 30-50 mg was dipped in neat DMMP in equal stoichiometric ratio and 
the solution was analyzed by GC-MS to identify the products. These experiments were 
repeated for all four types of the zinc titanate nanofibers synthesized. 
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4.4 Results and discussion 
The SEM images of the 40% ZnTiO3 nanofibers as an example before and after annealing 
are shown in (Figure 4.1).Their average diameters were found using a Java image 
processing software [Image J version 1.29(222 commands)]. The diameters were arrived 
at from atleast 60 measurements using the Image J software for each sample. Since the 
difference in diameters was significant, it is preferred to report them as a range, rather 
than a single average value. The diameter range and SEM micrographs are shown only 
for two cases, before heat treatment, and for the 40% zinc titanate fibers annealed at 700 
oC. 
The BET surface area of the nanofibers was measured in prior and subsequent to 
annealing. Specific surface area of the polymer nanofiber before annealing was about 8-
12 m2/g.  After annealing at 700 oC there was a dramatic increase in the surface area. This 
is due to the complete removal of the polymer from the surface of the zinc titanate 
nanofibers and subsequent shrinkage in diameters. The measured area was 90-130 m2/g 
for the 40% ZnTiO3 fibers. The fibers turn extremely brittle after annealing. However it is 
noteworthy that the fibers do maintain their cylindrical shape after annealing. Figure 4.1 
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Figure 4.1 SEM micrographs of electrospun 40% zinc titanate nanofibers (a) prior to heat 
treatment, (b) heat treated at 700 oC. The graphs in the right column show the diameter 










    
Figure: 4.2 TEM images and SAED of 40% Zinc Titanate nanofibers heat treated at 700 oC, 
the d-spacing was calculated to be 1.8 Å 
 
The TEM image shows the polycrystalline nature of 40% ZnTiO3 nanofibers. The SAED 
(selected area electron diffraction) image shows the corresponding peaks that were 
identified by the X-ray Diffraction (XRD). The d spacing was measured as 1.8 Å from 
the HR-TEM image.  
The XRD images of the various nanofibers electrospun are shown in figure 4.3 and 4.4 
(a-d). The peaks have been identified and assigned from the JCPDS data. [Powder 
Diffraction Card #36-1451 for ZnO, #18-1847 for Zn2TiO4, #26-1500 for ZnTiO3, #21-
1276 for TiO2]. All characteristic peaks were found to resemble those reported earlier 
[65-67]. The d spacing of the (211) plane for the 40% ZnTiO3 sample was calculated to 
be 1.4 Å. The fibers were annealed at different temperatures starting from 300oC upto 
700oC and the change in crystallinity of the material is shown in (Figure 4.3). This also 
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shows that the crystalline zinc titanate phase begins to form only at 500oC, which 
matches with reported observations [68].  
 
Figure: 4.3 Stages of annealing and formation of the ZnTiO3 phase   
 
 





Figure: 4.4(b) XRD of 40% ZnTiO3 nanofibers annealed at 7000C 
 
 





Figure: 4.4 (d) XRD of 60% ZnTiO3 nanofibers annealed at 7000C  
 
The mechanism of formation of the zinc titanate phase is explained as follows. Initially a 
transparent sol is formed when Ti(OC3H7)4 is mixed with ethanol. The sol ages to form 
the gel by hydrolysis reaction and further polymerization of the species Ti(OC3H7)4-
x(OH)x with Zn(CH3COO)2-x(OH)x to form a homogeneous gel along with the polymer. 
The ratio of amounts of Ti(OC3H7)4 to Zn(CH3COO)2 will decide the degree of 
dispersion of Zn in the gel which also decides which products will form upon annealing. 
For e.g., for the precursor containing 60% TiO2, the amount of Ti(OC3H7)4-x(OH)x will 
dominate compared to Zn(CH3COO)2–x(OH)x. For such a mixture, during annealing, the 
gel will decompose to yield ZnTiO3 and the excess Ti(OC3H7)4-x(OH)x will form TiO2.  
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Figure: 4.5 FT-IR of the fabricated 40% ZnTiO3 nanofibers showing various annealing 
stages 
 
The FT-IR spectrum in (Figure 4.5) depicts the vibrational frequencies of the PVP 
encapsulated nanofibers, at various stages of annealing. Since PVP has a transition 
temperature at 160oC it can be seen that the C=O stretch at ν = 1730 cm-1 is observed 
until 400oC. Upon further heating the polymer is completely vaporized and shows no 
distinct peaks at higher temperatures. This also matches with the observation of the 
crystalline phase of zinc titanate at 500oC and above.  
Detoxification studies: 
With nerve agent simulant 
To a solution of 100mM of paraoxon in acetone, zinc titanate nanofibers were added 
stoichiometrically in the ratio 1:1. The solution was withdrawn at regular intervals of 5 
minutes for about two hours and the disappearance of the paraoxon intensity was 
recorded.  This experiment was repeated for all four grades of zinc titanates (20%, 40%, 
50% and 60%). The activity was found to be highest for the nanofibers which were 
electrospun from the 40% TiO2 containing precursor, i.e. the α-Zn2TiO4 and ZnTiO3 
containing mixture. It is however noteworthy that about 70% of the decrease in intensity 
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was observed in the first 20 minutes and more than 90% of the decrease occurred in the 
first 50 minutes. Although the nanofibers of composition α-Zn2TiO4 and ZnTiO3 showed 
to perform better in repeated experiments with higher concentrations of paraoxon in 
acetone, the deviation in activity was not much (about  10%) among the four types of 
nanofibers synthesized. This difference in reactivity can be linked to the relative 
thermodynamic stability of ZnTiO3 and α-Zn2TiO4 in the ZnO-TiO2 system [58]. The 
pure ZnTiO3 fibers (from 50% TiO2 precursor) showed a sluggish decrease. For 
organophosphorus compounds, the preferred pathway of reaction in the presence of a 
nucleophile is always hydrolysis [63].  


























Figure: 4.6 Decrease in uv absorbance of paraoxon using 40% ZnTiO3 nanofibers 
 
To quantify the extent of detoxification a known volume of neat DMMP was taken and 
the nanofiber samples were added in stoichiometric quantities. The solution was analyzed 
by GC-MS, 10 minutes after the respective additions. It was found that after 10 minutes, 
about 45% only was unreacted.  
With mustard agent simulant 
A known weight of the zinc titanate nanofibers were immersed in CEES taken in molar 
ratio 1:1 and the solution was kept stirred. After about 10 minutes a small quantity of the 
solution was withdrawn and analyzed by GC-MS. The products were identified as shown 
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in the Table 4.1. It follows that the decomposition of CEES is not a one step reaction 
process. Both hydrolysis and oxidation were found to occur as shown by their fingerprint 
products. The reaction proceeds by nucleophilic attack on the S atom to form ethylene 
sulfonium ion by SN1 mechanism [70] and helps with addition of one mole of CEES. It is 
worth mentioning that the products formed by reaction of CEES with zinc titanate are 
much less harmful compared to CEES and non-toxic.   
Table: 4.1List of products detected for CEES degradation using Zinc titanate 
No.  Name / Formula of the compound  significant peaks  
(m/z)  




2.  Ethyl vinyl sulfide  45, 60, 73, 88 
S
 
3.  Ethyl vinyl sulfoxide  27, 47, 61, 75, 104  
S
O  

















In order to quantify the amount of CEES decomposed, the peak area was measured. This 
was correlated to amount of CEES using a calibration curve plotted for various CEES 
concentrations with acetone as internal standard. Acetone was chosen because it does not 
undergo any reaction with CEES. It was found that after 10 minutes of reaction time, 




four types of the nanofibers, however, no significant difference (< 5%) was observed in 
the peak areas. The results are summarized in the following table: 
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Table 4.2 Zinc titanate ceramic fiber characteristics and their detoxification efficiency 
CEES 
decomposition 














efficacy first 50 
min (%)  
20 % 
ZnTiO3 
0.2 mol Ti(OC3H7)4 & 0.8 
mol Zn(CH3COO)2 
annealed at 700oC 




0.4 mol Ti(OC3H7)4 & 0.6 
mol Zn(CH3COO)2 
annealed at 700oC 




0.5 mol Ti(OC3H7)4 & 0.5 
mol Zn(CH3COO)2 
annealed at 700oC 
ZnTiO3 60 – 600 102 87% 67%  
60 % 
ZnTiO3 
0.6 mol Ti(OC3H7)4 & 0.4 
mol Zn(CH3COO)2  
annealed at 700oC 
ZnTiO3 and 
TiO2 (Rutile) 
110 – 700 94 79%  64% 





A novel ceramic nanofiber system has been fabricated out of zinc titanate by sol-gel 
approach. Nanofibers were produced for all three prominent compositions of the ZnO-TiO2 
phase diagram. Their physical characteristics were studied, their reactivity against chemical 
warfare simulants was tested and the performance was found to be satisfactory. This 
system could be of use in face masks and protective clothing for shielding against harmful 
chemicals and other agents. The synthesized nanofibers have a high surface area and are 
also very porous; and they can not only adsorb the warfare agents but also decompose them 
into non-toxic products. This could bring a major leap in the performance of the protective 
systems and face masks that are presently used. Moreover, being nanosize is an add value, 
as it calls for reduced weights compared to carbon which is currently used. This would 
offer both protection as well as comfort to the wearer.  
Similar to the work on Zinc titanates, other metal oxide systems were also fabricated and 
investigated. The complete list of ceramic nanofiber systems fabricated as part of this 













CHAPTER 5 – Carbon Nanofibers Functionalized with 
Non-specific Catalyst 
5.1 Background and Introduction  
In this section, it is hypothesized that carbon nanofibers impregnated with iron titanate 
(FeTiO3) possess the ability to adsorb and decompose nerve agents and mustard agents. 
Carbon nanofibers, like other quasi-one-dimensional nanostructures such as nanowires and 
nanotubes, have recently been receiving increased attention. This is due to their potential 
application as heat-management materials, for composite reinforcement, high-temperature 
catalysis, membrane-based separation, and as components for nanoelectronics and 
photonics. Carbon nanofibers are closest (chemically) to the activated carbon material that 
is present in the face masks and protective suits. The intent of this part of the research work 
was to fabricate carbon material at the nanoscale through electrospinning and functionalize 
with a non-specific catalyst and measure its detoxification ability against chemical warfare 
simulants.  
Iron titanate was chosen only as a model compound with the intent of demonstrating that 
carbon nanofibers could be fabricated by electrospinning, and they can be functionalized 
with metal oxides and possess capability of reacting against chemical warfare agents.  
Sol-gel precursors for the fabrication of FeTiO3 are blended with the spinning solution 
made up of polyacrylonitrile polymer dissolved in dimethylformamide solvent and 
electrospun. These polymeric membranes are then carbonized at various temperatures to 
yield the FeTiO3 impregnated fibers and the changes in chemisorption efficiency of the 
membranes with carbonizing temperature are documented. In addition, a secondary PEG 
polymer is added into the spinning solution at 10%wt ratio to PAN polymer. The 
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vaporization of the PEG secondary phase in the nanofibers during heat treatment is 
expected to produce highly porous carbon nanofibers. The heat treated samples are 
characterized by a series of methods, including SEM imaging, Fourier transform Infra red 
(FT-IR) spectrometer, X-ray diffraction, UV adsorption for detoxification studies on 
Chemical warfare agent simulants and also BET surface area analysis. The motivation of 
the experiment is to attain homogenously functionalized and highly porous carbon 
nanofibers which would significantly increase specific surface area as well as enhance the 
accessibility of reagents to the catalytic sites.  
5.2 Experimental Procedures 
Materials and Reagents 
Polyacrylonitrile (PAN) polymer ((CH2CHCN)n, Average Mw  150,000) and Polyethylene 
glycol (PEG) (H(OCH2CH2)nOH) Average Mw 3400) from Sigma-Aldrich U.S.A were 
used in the synthesis of the polymer precursor for electrospinning. N,N-
Dimethylformamide (DMF)  99.8% anhydrous (HCON(CH3)2, density 0.994 g/ml) was 
purchased from Aldrich Chemicals, Germany and used as a solvent. Titanium Isopropoxide, 
97% (C12H28O4Ti, density 0.955g/ml) and ferric acetyl acetonate (C12H21FeO6) bought 
from Aldrich Chemicals, Germany were used for the functionalizing of the nanofibers. 
Acetic Acid, glacial (CH3CO2H, density 1.049 g/ml) was procured from Sigma-Aldrich 
and used as a catalyst to in hydrolysis. Heptane 99% (CH3(CH2)5CH3)  from Sigma Aldrich 
was used as a solvent for Paraoxon. Activated charcoal (Untreated, Granular 20-60 mesh, 
Specific Surface Area 600-800m2/g) purchased from Sigma-Aldrich was used as a means 





The samples before and after heat- treatment was characterized by the following 
techniques: 
SEM Imaging 
SEM images were obtained using a Quanta 200F instrument (FEI, The Netherlands). Prior 
to analysis, the samples were first sputter coated with gold, using a JFC auto fine coater 
(JEOL, Japan). The images were used to calculate the mean fiber diameter for each sample 
with the aid of a Java Image processing software [Image J version 1.29(222 commands)].   
X-Ray Diffraction 
X- Ray diffraction (XRD) analysis was done by using Hitachi XRD Analyzer (Japan). X-
ray Powder Diffraction (XRD) is an efficient analytical technique used to identify and 
characterize unknown crystalline materials. Monochromatic x-rays are used to determine 
the interplanar spacing of the unknown materials. Samples are analyzed as powders with 
grains in random orientations to insure that all crystallographic directions are "sampled" by 
the beam. When the Bragg conditions for constructive interference are obtained, a 
"reflection" is produced, and the relative peak height is generally proportional to the 
number of grains in a preferred orientation. The x-ray spectra generated by this technique, 
thus, provide a structural fingerprint of the unknown crystalline material. Thus using XRD 
peaks, the phases (ceramic, carbon) were identified.  
Fourier Transform Infra Red Spectrometer (FT-IR) 
Chemical surface analysis was performed by using Avatar 360 Ft-IR spectrometer (Thermo 
Nicolet, USA). Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique 
used to identify organic materials. This technique measures the absorption of various 
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infrared light wavelengths by the material of interest. These infrared adsorption bands 
identify specific molecular components and structures. As such, FTIR is a very useful tool 
to detect the existence of functional groups in the membranes and was used to study the 
disappearance of functional groups and elements in each sample heated from 600°C to 
1000°C 
UV adsorption (detoxification studies) 
UV adsorption was measured using Unicam-300 UV-VIS spectrophotometer equipped 
with vision data system (Thermo Spectronics, U.S.A). In this experiment, paroxon was 
used as the simulant for nerve agents. . Paraoxon has a phenyl ring which renders it readily 
identifiable by UV-spectrometry (absorbs UV light of 270 nm wavelength). If Paraoxon is 
hydrolysed it forms p-nitrophenol. This compound absorbs light of wavelength 410nm. 
BET surface area analysis (Brunauer, Emmett, Teller)  
Specific surface area, average pore diameter and pore size distribution was measured by 
Nova 3000 BET surface area analyzer (Quantachrome, U.S.A). All samples were degassed 
at 100oC for 8-12 hours prior to the analysis to expel any moisture that might be present in 
the samples. Only the non heat treated sample was degassed at 40oC to prevent the 
breakdown of PEG phase which melts at 50oC. 
Preparation of functionalized nanofibers: 
To a bottle 0.07 g of Titanium isopropoxide followed by 0.06 g of ferric acetyl acetonate 
were added. Then 0.5ml of acetic acid, 0.15 g of PEG and 2 g DMF were added and this 
mixture was allowed to stir for about 6 hours to allow for hydrolysis. The acetic acid serves 
as a catalyst for the hydrolysis of the Titanium isopropoxide and ferric acetyl acetonate. In 
another separate bottle, 1.5 g of PAN and 6g of DMF were added and the polymer was 
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allowed to dissolve by stirring for at least 24 hours. Subsequently, the two solutions are 
mixed and allowed to stir for another 6 hours until a homogenous solution is achieved. This 
forms the precursor for electrospinning. The theories and techniques of electrospinning are 
described in detail in [4]. The precursor was filled into a 3ml syringe and pumped through 
a needle of internal diameter 0.5mm, at a feed rate of 0.5ml/hour. The applied voltage was 
18 KV at a collector distance of 12cm. Humidity was controlled at between 30-40% RH. 
The fibers were collected onto an aluminium foil wrapped around a rotating drum which 
revolves at speeds of 830 rpm.   
Heat treatment to obtain functionalized carbon nanofibers 
After electrospinning, the samples were removed from the aluminium foil and collected in 
a crucible and sintered in a tubular furnace. Before the functionalized nanofibers 
electrospun from PAN precursor are carbonized at high temperatures, they need to be 
chemically altered to convert their linear atomic bonding to a more thermally stable ladder 
bonding through a process of stabilization. Stabilization is a slow thermosetting process in 
which the carbon fibers are heated at a low temperature in the presence of air so that 
molecules within the fibers are linked by picking up oxygen. This cross linking prevents 
fiber breakage during subsequent carbonization at higher temperatures. 
                           
                                                
Figure 5.1: Transformation of PAN to Ladder Polymer in stabilization [adapted from 84] 
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The samples were heated to a temperature of 250°C, at a rate of 5°C/min and held at that 
temperature for 1 hr to allow stabilization to take place. Air was supplied through an air 
pump connected to the tubular furnace. Subsequently, air supply from the air pump was 
stopped and argon gas was passed through the furnace to maintain an inert environment. 
The flow rate of argon was kept at 0.5 L/min. The samples were then heated at an increase 
of 5°C/min up to a carbonization temperature of 600-1000°C and held for 15 mins and then 
allowed to cool to room temperature, while maintaining the flow of argon gas. The lack of 
oxygen prevents the fibers from oxidation in the very high temperatures. The gas pressure 
inside the furnace is kept higher than the outside air pressure and the points where the 
fibers enter and exit the furnace are sealed to keep oxygen from entering. As the fibers are 
heated, they begin to lose their non-carbon atoms, plus a few carbon atoms, in the form of 
various gases including water vapor, ammonia, carbon monoxide, carbon dioxide, 
hydrogen and nitrogen leaving a porous structure on the carbon nanofibers, hence 
increasing the specific surface area As the non-carbon atoms are expelled, the remaining 
carbon atoms form tightly bonded carbon crystals that are aligned more or less parallel to 
the long axis of the fiber. The conditions for heat treatment were decided upon after 
reviewing the reports in [85-86]. 
Heat treatment is also an essential step in the sol-gel reaction that results in the formation 
of the FeTiO3 via the following reaction.  
Sol gel reaction of formation of iron titanate:  
 
Fe(C5H7O2)3 + Ti(OC3H7)4 + acid  Æ hydrolyzed gel  (upon sintering above 600oC) Æ 
FeTiO3   
 
It was hypothesized that the functionalized nanofibers after heat treatment will be 
converted to carbon nanofibers with increased specific surface area and at the same time 
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possess enhanced chemisorption properties against nerve agent simulants due to the 
formation of the FeTiO3 phase. This was proven in subsequent experimentation. 
Detoxification Studies 
2mg of Paraoxon was dissolved in 50ml of heptane to prepare a stock solution. For every 
analysis, a pipette is used to extract 1ml of the above solution and further diluted with 4ml 
of heptane. In each experiment, 15 mg of the samples was added to the Paraoxon heptane 
solution and mechanically shaken. The decrease in the paroxon intensity at the wavelength 
of 270nm was recorded at intervals of 5 mins for 2 hours and plotted against time. For 
organophosphorus compounds, the preferred pathway of reaction in the presence of a 
nucleophile is always hydrolysis [76].Therefore; there should also be a corresponding 
increase in the peaks at wavelength of 410nm if hydrolysis of Paraoxon occurred due to the 
reaction with the functionalized nanofibers. 
5.3 Results  
SEM Imaging and fiber size distribution and yield:  
 





Figure 5.3: From Left to right a) Polymer fibers after HT at 700°C b) Polymer fibers after 
HT at 1000°C 
 
The scanning electron microscope (SEM) images were taken for the samples before heat 
treatment and for each sample heat treated at different temperatures. 
Images for the non heat-treated polymeric membrane and samples heat-treated at 600°C, 
700°C and 1000°C are shown. Their average diameters were found using a Java Image 
processing software [Image J version 1.29(222 commands)] and the mean diameter of the 
fibers calculated from at least 40 points of measurement on each SEM image. Extra 
attention was made to pick points evenly distributed on the SEM image to ensure a more 
accurate reading. 
Table 5.1Mean Fiber Diameter for each sample and Percentage Yield 
Sample Name  
Non HT 600°C 700°C 800°C 900°C 1000°C 
Average 
Diameter(nm) 357 356 310 349 290 258 
Yield (%wt 




There was gradual shrinkage of average fiber diameter as the carbonization temperature 
increased. As expected, the yield of the carbon nanofibers decreased with increasing 
carbonization temperature. The carbon nanofibers treated at 600°C remained soft and could 
be handled as a membrane whereas carbonization from 700°C onwards yielded brittle 
fibers. 
Fourier Transform Infrared (FTIR) spectrometer analysis:            
























Figure5.4: FT-IR Spectrum of Non Heat Treated functionalized nanofibers  


























The FT-IR spectrum of the non heat treated nanofiber shows a peak at 2241 cm-1. This is 
characteristic of the nitrile group (CN) in PAN structure. This peak was no longer detected 
after heat treatment at 600°C and at the same time there was appearance of 2 new bands. 
The band in the region 1220 cm-1 to 1270 cm-1 is attributed to the aliphatic C-H group 
vibrations and the band in the range of 1550 cm-1  to 1650 cm-1 corresponds to the aliphatic 
N-H group.  Both bands diminish gradually as the temperature increases and no distinct 
peaks are detected beyond 900°C. This finding reveals that the polymer is completely 
vaporized at high temperatures. No O-H group that is characteristic of the PEG polymer 
was detected for the non heat treated sample. The percentage of PEG phase in the 
backbone PAN is also very low (10%). As such, the PEG phase was not sufficiently 
exposed on the fiber surface and therefore could not be detected by FT-IR. 
Table 5.2 Specific Surface Area, Average Pore Diameter, Micropore Volume  
Sample Name BET Surface 





(cc/ Å/g) x 10e-3  
Polymer(Non HT) 15.4±5 250.380 0.300 
HT 600°C 2.7±1 149.565 0 
HT 700°C 2.9±1 226.315 0 
HT 800°C 6.0±2 239.390 0.260 
HT 900°C 10.9±3 51.622 0.405 
HT 1000°C 21.4±5 97.504 0.700 
 
BET surface area analysis was carried out for samples before heat treatment and for each 
sample heated from 600-1000 °C. As seen from Table 5.2. there was a decrease in specific 
surface area after the polymer was heat treated. There was no significant difference in 
specific surface area at temperatures of 600°C and 700°C. As the temperature was 
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increasingly raised, there was a steady and observable increase in the specific surface area 
of the samples starting from 800°C onwards, with the specific surface area for 
carbonization at 1000°C exceeding that of the non heat treated polymeric membrane.  
Paraoxon Detoxification Studies 
To evaluate the rate of hydrolysis, the increase in absorbance of p-nitrophenol which 
corresponds to its formation was measured wrt time. 
 
Figure 5.6: Decrease in UV absorbance of Paraoxon at 270 nm for FeTiO3 nanofibers 
To a solution of 1ml Paraoxon and 4ml heptane, 15mg of a sample was added and the 
Paraoxon intensity recorded at intervals of 5mins for 2 hours using a UV-VIS 
spectrophotometer. From (Figure 5.6), it can be seen that polymers heat treated at 600°C, 
800°C and 900°C showed a sluggish decrease in the Paraoxon intensity. The highest 
adsorption capability was exhibited by the functionalized nanofibers heat treated at 1000°C. 
There was a sharp decrease in intensity within the first 5 minutes and complete adsorption 
took place within 2 hours. It is significant to note that activated charcoal possesses specific 
surface area in the range of 600-800m2/g, far superior to any other sample used in this 
study. Yet its performance in terms of adsorption of Paraoxon peaks was mediocre and 
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inferior to the specimen heat treated at 1000°C. However, no detoxification of Paraoxon 
was reported as there was no increase in absorbance of the characteristic peak of p-
nitrophenol at the wavelength of 410nm which would be produced if Paraoxon was 
hydrolyzed by the FeTiO3 catalyst. It could be the case that the p-nitrophenol is adsorbed 
on the catalyst surface and is not released into solution. Also, the adsorbed p-nitrophenol 
blocks the active surface of the catalyst and prevents further hydrolysis.  
X-ray diffraction Analysis 
 
Figure 5.7: XRD for sample Heat treated at 1000°C 
 
X-ray diffraction on sample heat treated at 1000°C reveals a peak at 23.79 theta-2theta 
degrees and this is attributed to the formation of FeTiO3 catalyst on the carbon nanofibers 
surface. As the FeTiO3 catalyst was retained even at the highest heat treatment temperature 
of 1000°C, it can be concluded that Fe, Ti and oxygen content was preserved and not 
expelled from the nanofibers during the carbonization process.    
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5.4 Discussion and interpretation of results 
SEM Images and Nanofiber morphology 
From (Figure 5.2a), the presence of ‘pop-corn’ like beads was present in the pre heat-
treated nanofibers. The solutions for electrospinning initially prepared had high polymer 
concentration so as to maintain a certain minimum viscosity of the solution. It has been 
shown in electrospinning literature that solution concentration has a significant effect on 
fiber and bead formation. One of the necessary conditions essential for electrospinning is 
that the solution must be of sufficient molecular weight and the solution must be of 
sufficient viscosity. During the stretching of the polymer solution as it travels from the 
charged needle tip to the collector plate, it is the entanglement of the molecule chains that 
prevent the electrically driven jet from breaking up, thus maintaining a continuous jet. 
However, at such high concentrations, the solution became increasingly concentrated due 
to the addition of the titanium isopropoxide essential in the formation of functionalized 
nanofibers. As a result of this, the spinning solution got dried and clogged the needle tip 
every 5-10 minutes.  
 




Therefore, the solution was slowly diluted by the addition of very small volumes of DMF 
solution using a pipette until the solution was able to be spun. This however resulted in the 
formation of beads. Bead morphology changes from smooth to porous to pop-corn like 
with decreasing solution concentration [87]. The beads were present throughout the 
experiment and could not be eliminated. Their presences were however reduced to the 
minimal by controlling other parameters of electrospinning such as the voltage and the feed 
rate of the solution. By spinning at a high voltage (18KV) and a low feed rate, there should 
be less bead formation due to increased stretching of the jet. [3]. However, it was also 
reported that the shape of beads changes from spindle-like to spherical-like with increasing 
voltage [14]. Due to the lack of information on ideal polymer concentration for spinning in 
PAN and PEG polymeric solutions, the presence of beads could not be fully eliminated. 
Further step-by-step investigation needs to be undertaken in this regard.  
The inspiration to introduce a second polymer PEG into the spinning solution to facilitate 
further increase in porous surface area in the carbon nanofibers came from reports in [87-
89]. If phase separation occurs on the nanofiber surface successfully, subsequent heat 
treatment will result in the vaporization of the PEG phase at temperatures just beyond 
300°C. This would result in porous carbon nanofibers. If successfully combined with the 
techniques of functionalizing nanofibers; the result would be nanofibers with catalyst 
homogenously distributed over and within the fiber surface and an increase in catalytic 
sites assessable to reagents. This would greatly enhance the chemisorption capacity of the 
functionalized fibers. Yet as suggested by results from FT-IR, the PEG phase might have 
been formed inside the fiber. This also explains why no distinct phase difference could be 
seen on the nanofibers. Moreover, the difficulty in controlling the concentration of solution 
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for spinning made it challenging to implement phase separation of PAN and PEG as 
precise control of the solvent concentration is essential is phase separation. Also, humidity 
around the spinning apparatus can only be controlled over a range and therefore, the rate of 
solvent evaporation could not be manipulated. 
Effects of heat treatment on surface area and pore formation 
The specific surface area of the nanofibers decreased by around 80% when heat treated at 
temperatures of 600°C and 700°C compared to the non-heat treated nanofibers. Some 
researchers have attributed such a decrease in specific surface area to the blockage of pores 
due to the formation of functional groups on the fiber surface as a result of heat treatment 
[90].  




























Figure5.9: FT-IR spectra at various temperatures of carbonization 
This finding coincides with the results from the FT-IR spectra of samples at 600°C and 
700°C which exhibited two new peaks previously not detected in the non heat-treated 
sample. These two new functional groups formed could be responsible for the blockage of 
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the pores. Also, as the heat treatment temperature is further raised, the specific surface area 
of the samples increased steadily and a corresponding gradual disappearance of the two 
peaks in the FT-IR spectra over that same temperature range is observed. This strongly 
indicates that the mechanism of reduction in specific surface area of the samples from 
600°C to 700°C was caused by the blockage of pores due to the formation of functional 
groups during heat treatment at low temperature. As the temperature of carbonization was 
raised, these functionalities were expelled as gaseous by products and hence the specific 
surface area for the samples increased thereafter.  
At the carbonizing temperature of 1000°C, the FT-IR spectrum reflects a straight line 
which signifies the complete removal of polymeric substances from the nanofibers. The 
increase in specific surface area from 900°C to 1000°C is due to the removal of non-carbon 
atoms such as hydrogen, nitrogen oxygen, leaving micro pores in the functionalized carbon 
nanofibers. This was confirmed by an increase in the micro pore volume as the 
carbonization temperature increased. 
Also, no O-H group characteristic of the PEG polymer was detected even for the non heat 
treated sample, it could be a case whereby the PEG polymer was entangled within the PAN 
polymer chains and was formed inside the fibers and not on the surface. This is a possible 
explanation as to why there was no measurable increase in specific surface area of the 
carbon nanofibers after initial heat treatment. The PEG phase should have decomposed 
(vaporized) leaving carbon fibers with a porous surface. However pores formed inside the 
fibers would be closed pores and therefore inaccessible to the nitrogen gas for adsorption 
and desorption during BET analysis.  
X-ray diffraction Analysis: 
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The chief aim of this report was to study the effects of carbonization temperature on the 
adsorption capacities of the functionalized carbon fibers. As such, it is essential to identify 
the FeTiO3 catalyst responsible for chemically binding and retaining reactants and to 
ascertain that the catalyst is not removed at high temperatures of heat treatment. X-ray 
diffraction analysis found that the catalyst was present even after heat treatment at 1000°C. 
This is an important finding because the binding and adsorption of the Paraoxon is now 





Paraoxon detoxification  
The rate of disappearance of the characteristic paraoxon peak (at 270 nm) was recorded 
with respect to time for each sample. The peak intensity for each sample is plotted against 
time and shown in (Figure 5.6). Activated charcoal with a specific surface area of 600-
800m2 /g was used as a means of comparison for the absorption rate of Paraoxon.   
Table 5.3Paraoxon Absorption Efficiency and Specific Surface Area 
Sample Name BET Surface Area 
(m2 /g) 
Paraoxon 
Adsorption after 1hr  
Paraoxon 
Adsorption after 2hr 
HT 600°C 2.7277 10 % 15% 
HT 700°C 2.8848 23 % 30% 
HT 800°C 6.0492 11% 15% 
HT 900°C 10.9187 8% 15% 
HT 1000°C 21.4144 57% 95% 
Activated charcoal 600-800 14% 27% 
 
Adsorption mechanisms are generally categorized as either physical adsorption, 
chemisorption, or electrostatic adsorption. Weak molecular forces, such as Van der Waals 
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forces, provide the driving force for physical adsorption. Activated charcoal with the 
highest surface area was expected to be the most efficient in the adsorption of the Paraoxon 
peak, due to it having more surfaces for physically adsorbing Paraoxon. However, the 
results showed that activated charcoal exhibited a mediocre performance in terms of 
adsorption. The specimen heat treated at 1000°C had a far more superior adsorption 
capacity then activated carbon, even with a surface area of only 21.4m2/g. This shows that 
functionalizing carbon nanofibers with FeTiO3 has greatly enhanced the adsorption 
efficiencies of the carbon nanofibers. This finding further reinforces the importance and 
significance of impregnating carbon nanofibers metal catalysts. The mechanism of 
chemisorption is more efficient then that of physical adsorption because in chemisorption, 




Figure5. 10: Chemisorption of DMMP on metal oxide (FeTiO3) impregnant (Adapted from 
[80]) 
 
This also corresponds to findings in other research which has shown that for adsorption of 
inorganic compounds on activated carbon from aqueous solutions, the chemical nature of 
the surface complexes has in general more influence than the surface area and porosity of 
the adsorbent. In general, it is interplay between adsorption kinetics (number of adsorptive 
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ligands, adsoption/desorption kinetics) and the internal mass transfer resistance (internal 
surface area, diffusional resistance) that determines which of the two is the dominant factor.  
By heat treating the fibers at a temperature of 1000°C, pores form on and within the fiber 
surface as nitrogen, hydrogen and oxygen atoms are expelled. This exposes more of the 
catalyst within the nanofibers which would otherwise be inaccessible by the reagents. 
Another possible explanation as observed by some authors is that when the sintering 
temperature is quite high, there are possibilities of other phase formation as indicated by 
the reactions below [91]. 
FeO + FeTiO3 Æ Fe2TiO5 (pseudobrookite)  
TiO2 + 2FeTiO3 Æ Fe2Ti3O9 (pseudorutile) 
Although these phases may not be significant enough to be seen in XRD, they might 
increase the chemical potential and facilitate enhanced adsorption of paraoxon. This is a 
possible reason for the observation of enhanced chemisorption for the 1000oC sample.   
As a result of heat treatment, the chemisorption efficacies of the carbon nanofibers are 
greatly enhanced. The success of this method of producing functionalized carbon 
nanofibers where the metal catalyst is spread uniformly on and within the fiber surface is a 
marked improvement over the methods documented in [92].   
5.5 Summary  
The feasibility of introducing an additional PEG polymer into the spinning solution as a 
step to obtaining porous carbon fibers was investigated. There is no feasible method to 
control whether the PEG phase forms on the surface of the nanofibers or within it making 
this technique of obtaining porous nanofibers difficult to implement. Also, the lack of 




contributed more variables. The change in specific surface area of the functionalized 
nanofibers for each temperature of heat treatment was documented and the trends 
explained. The importance of heat treatment of functionalized nanofibers at high 
temperature has been demonstrated, where heat treatment at 1000°C produced material of 
excellent chemisorption efficiency. Chemisorption was found to be a much more efficient 
mechanism for the binding and retention of nerve agent simulants compared to physical 
bonding. Even at low specific surface areas, nanofibers functionalized with FeTiO3 were 
able to perform either on the par with or exceedingly better then the adsorption capacity of 
non metal impregnated activated charcoal. This method for preparing functionalized 
nanofibers through electrospinning where the metal catalyst are added directly into the 
spinning solution is a much simpler and efficient method compared to methods of spray 
impregnation and soaking impregnation [92]. The material produced through this method 
has potential applications as filter material in chemical warfare face masks and protective 
coating due to its excellent retention of nerve agents simulants as well as being extremely 
light in weight. 
Even though the nanofibers functionalized with FeTiO3 exhibited excellent chemisorption 
efficacy for nerve agent simulants, it showed little detoxification and break down of 
Paraoxon, which could be attributed to the low available surface area for reaction with the 
metal oxide on the fiber surface.  
Also, the specific surface area of the functionalized carbon nanofibers showed consistent 
increase from 800°C to 1000°C with the final sample showing excellent chemisorption 
capacities. This result encourages further research at higher temperatures and pressures of 
carbonization to further increase the surface area.  
Chapter –VI 
CHAPTER 6 – Nanofiber-Carbon Nanoparticle 
(nanodiamonds) Nanocomposite Materials for 
Decontamination of Nerve Agents 
6.1 Introduction 
The intent here was to develop a nanocomposite material which has a higher surface area 
as compared to a plain nanofiber or nanoparticle arrangement, by using carbon 
nanoparticles (nanodiamonds) for the capture and detoxification of nerve agents in 
particular. This is based on the following approaches: 
• Using nanodiamonds to bind the nerve agents 
• Functionalizing nanodiamonds with β-cyclodextrin (β-CD) to hydrolyze the nerve  
agent and thereby aid in detoxification  
• Mounting these functionalized nanodiamonds onto membranes which serve as a 
substrate to provide adequate surface for adsorption and detoxification  
The performance of the β-CD-functionalized nanodiamonds was evaluated using simulants 
of the nerve agents. This was compared with activated carbon that is presently used as a 
gold-standard for nerve agent removal. The deployment of these β-CD-functionalized 
nanodiamonds in protective fabrics against chemical warfare would require their 
incorporation into nanofibers, therefore in this work  the feasibility of coating these 
nanodiamonds onto the nanofibers was investigated and assessment of whether the 
decontamination efficiency improved due to the additional surface created was performed.  
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6.2 Introduction of nanodiamonds 
In recent years, diamond has become a widely investigated material for its remarkable 
properties, for example, hardness, thermal conductivity, dupability or optical transparency 
over wide range, etc. Diamond films, in particular have become a focus of interest. Their 
production by chemical vapour deposition (CVD) has evolved into a commercially 
available technique that is able to produce industrial amounts of surface coatings and free-
standing films for a broad range of applications, such as electronic and electrochemical 
devices, sensors, protective coatings and optical windows [93-94]. However, the family of 
diamond materials also includes additional members, as shown in (Figure 6.1). 
 
Figure6. 1: Different diamond materials: (a) gem quality diamond, (b) single-crystalline 
diamond film with microlens structures, (c) polycrystalline diamond film, (d) detonation 
diamond powder, (e) triamantane, a diamondoid molecule. 
 
Although these are not real diamond materials (their properties differ significantly from 
those of true crystalline diamond due to their small size and electronic structure), they have 
interesting properties, which could eventually lead to new insights into the behavior of 
nanoscale nanodiamond materials, especially their chemical properties, which are closely 
related to the surface chemistry of all kinds of diamond materials [94]. In particular, the 
surface chemistry of nanoscale diamond particles should show close resemblance. This 
form of diamond carbon has recently come into focus as the new potential materials in 
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quantum engineering, biological and electronic applications, as well as in composite 
materials [95]. 
Nanodiamonds can be produced by shock-wave transformation of graphite into sintered 
nanodiamonds at industrial scale, using detonation of certain explosives e.g. TNT-
hexogene mixtures, in a closed container [96]. Due to the lack of oxygen, the combustion 
of the explosive (which serves as source of energy and carbon) is incomplete and the 
resulting soot contains up to 80% diamond. This so-called detonation diamond consists of 
tiny diamond crystallites of about 5nm in size [97]. They are covered with graphitic 
amorphous carbon and interconnected by soot-like structures [98]. Besides, the extreme 
environment during detonation also produces a variety of surface functional groups on the 
particle surface, as shown in (Figure 6.2).  
 
Figure6. 2: Cluster structure of detonation diamond and surface functional groups 
 
Usually, a cooling gas (CO2, H2O or inert gases) has to be applied during the detonation in 
order to prevent the regraphitization of the diamond crystallites as well as extensive soot 
formation. Therefore, the reaction of dangling bonds with the surrounding medium causes 
the abundant functionalization of the particle surface. Additionally, the high temperature in 
the reactor persists even after the passing of the detonation wave, which results in at least 
partial graphitization of the surface. Further modification can then occur during subsequent 
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acid treatment (usually nitric acid and other oxidizing acids are applied). This opens up 
many functionalization opportunities and subsequently more possible applications. 
6.3 Scope of work 
In this research, it is hypothesized that nanodiamonds have higher binding capacity for the 
nerve agents because of their high surface area for adsorption and highly charged surface 
which can give rise to strong electrostatic interactions. Besides, nanodiamonds have a rich 
surface chemistry that potentially allows the successful functionalization of β-cyclodextrin 
(β-CD) onto its surface to detoxify the nerve agents. On the whole, the functionalized 
nanodiamonds will be able to serve as much better materials than the existing materials 
with their better absorption ability and ability to decompose the nerve agents. The 
deployment of these β-CD-functionalized nanodiamonds in protective fabrics against 
chemical warfare would require their incorporation into nanofibers, therefore in this work 
the feasibility of coating these nanodiamonds onto the nanofibers was investigated. 
6.4 Chemistry of Nanodiamonds 
Nanodiamonds synthesized from detonation are supramolecules with single-crystal 
diamond core surrounded by shell consisting of functional groups [99], whose content 
depends on the condition of synthesis, purification and subsequent treatment of 
nanodiamonds [100, 101]. Thus, the nanodiamond particle surface can actually be 
functionalized with a large number of surface ionogenic groups (ether — C–O–C, peroxide 
— C–O–O–, carbonyl — C=O, and hydroxyl-type C–O–H bonding, etc.) as well as 
hydrocarbon fragments. To create the required functional group of -COOH, the processes 
of carboxylation and oxidization nanodiamond were used according to standard procedure 
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[103]. The acid treatment of nanodiamonds will create the –COOH functional groups on 
the diamond surface which can be observed using FTIR spectroscopy. Given that the 
surface of nanodiamonds can be modified to possess carboxylic acid groups and that 
Voncina reported that cotton can actually be grafted with β-cyclodextrin via 
poly(carboxylic acid)., β-cyclodextrin can possibly be attached to the nanodiamonds by 
reacting it with the carboxylic groups on the diamonds’ surface. [104] 
 
Figure6.3: Initial surface functionalization by oxidative treatment or solid-phase reaction 
with gaseous reactants. 
6.5 Use of Electrospun polymer nanofibers as functional supports  
Nanofibers are able to form a highly porous mesh and their large surface-to-volume ratio 
improves performance for defence applications [38]. Other than their high specific surface 
area, polymer nanofibers are considered excellent membrane materials for this purpose 
owing to their light weight and breathable (porous) nature [105]. In this work, electrospun 
polysulfone (PSU) nanofibers membrane was chosen to act as functional support because 
PSU gives the highest surface area after electrospinning as the nanofibers retain charge, 
thus repelling each other. For other polymers, the nanofibers lose charge after getting 
deposited and they stick to one another [105]. Besides, PSU is also a material that is 
commonly used in air and water filter membrane due to its hydrophobicity. Hydrophobic 
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membranes do not swell and also offer low pressure drop. Hence, they are routinely used 
for air and aqueous filtration applications. 
6.6 Effect of adding nanoparticles to polymer nanofibers 
Nanofibers have surface area typically in the range of 10-20 m2/g. Nanoparticles possess 
higher specific surface area, owing to their smaller dimension. However, nanoparticles 
cannot be used as such in a functional material because of issues such as leakage of 
materials, and the danger of inhalation. A better preposition would be to immobilize the 
nanoparticles onto a material with a high specific surface area that makes it easier to handle. 
Hence, it was chosen to coat or immobilize the nanoparticles onto polymer nanofibers and 
use the composite membrane as a functional material for the detoxification of chemical 
warfare agents. It has also been shown that the addition of nanoparticles to polymer 
nanofibers can potentially enhance surface area, specificity and selectivity of reaction. A 
recent example is shown by incorporating nanoparticles such as metal oxides into the 
polymer nanofibers via electrospinning. They have become of interest in the recent years 
because of the large surface to mass ratios property that enhances certain applications like 
gas sensing. Specifically, the resulting silica nanofibers containing V2O5 crystal particles 
can be used to detect trace amounts of toxic or flammable gases, including ammonia and 
hydrocarbons. Dispersing V2O5 nanoparticles onto the surface of silica nanofibers allows 
outstanding specificity and selectivity in gas sensing to be gained because nanofiber mats 
provide a highly porous template where the gas can flow through it and thereby effectively 
utilize the large surface areas of active sites (metal oxide crystals) on the fibers.[106] 
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6.7 Experimental Methods  
Attaching nanoparticles onto polymer nanofibers 
Blending (electrospinning) and electrostatic spraying (electrospraying) represent attractive 
approaches for the attaching nanoparticles uniformly onto polymer processing as they 
provide opportunities to control over morphology, porosity and composition using simple 
equipment. In electrospinning, the nanoparticles are mixed well with the polymer solution 
before the resultant polymer solutions are deposited as fibrous mats rather than droplets. 
For the defence applications, metal nanoparticles (Ag, MgO, Ni, Ti, etc.), which have 
proven abilities in decomposing warfare agents, have been shown to be embedded in the 
nanofibers by blending these together with the polymer solution before electrospinning. 
In electrospraying, nanoparticle dispersion is made before charged droplets are generated 
in several kV dc field and delivered to a grounded target where the electrospun nanofibers 
are ready to collect the charged droplets onto its surface. Droplets produced by 
electrospraying are highly charged, thus preventing their coagulation and promoting self-
dispersion. Droplets can be extremely small, in special cases down to nanometers, and the 
charge and size of the droplets can be controlled to some extent by voltage and flow rate 
[107]. Electrospinning is actually mechanistically similar to electrospraying - the basic 
elements of a laboratory electrospraying or electrospinning system are simply a high 
voltage supply, collector (ground) electrode/mold, source electrode and a solution or melt 
to be sprayed or spun. However, electrospinning leads to fibers that result in chain 
entanglement while electrospraying yields droplets [108]. Electrospraying is applied in 
many industrial processes such as painting, microencapsulation, electroemulsification, fine 
powder production, or micro- and nanothin film deposition prepared from solutions or 
  80
Chapter –VI 
colloidal suspensions. Recently, the electrospraying entered in microfluidic devices and 
nanotechnology. Spraying solutions or suspensions allows production of fine particles, 
down to nanometer size, which can be used in industrial processes or for research purposes.  
Materials  
Detonated nanodiamonds with average primary size of 4nm from International Technology 
Center (ITC), H2SO4 (Sigma, USA), HNO3 (Sigma, USA), Polysulfone (Mn 26,000, 
Aldrich, USA), β-cyclodextrin (Fluka, USA), paraoxon (diethyl p-nitrophenyl phosphate, 
Sigma, USA), activated charcoal granular, 20-50 mesh (Sigma, USA) were used as 
received. Solvent such as tetrahydrofuran (Merck, Germany) and methanol (Sigma, USA) 
was used without any further purification. Dimethyl formamide (DMF) (Merck, Germany) 
was dehydrated before use by storage with molecular sieves after heating to 105oC for 2h. 
 
Functionalization of nanodiamonds with carboxylic acid groups  
The detonated nanodiamonds were carboxylated/oxidized in according with standard 
procedure [109, 110]. The sample (0.5 g) was subsequently heated in a 9: 1 (v/v) mixture 
of concentrated H2SO4 and HNO3 at 75 °C for 3 days, in 0.1 M NaOH aqueous solution at 
90 °C for 2 h, and in 0.1 M HCl aqueous solution at 90 °C for 2 h. The resulting 
carboxylated/oxidized diamonds were extensively rinsed with deionized water, separated 
by sedimentation with a centrifuge at 12 000 rpm and dried. The IR spectra of carboxylated 
nanodiamond were measured using a FTIR-interferometer (Bomem MB154) with the 
sample in vacuum chamber or flowing nitrogen to avoid water absorption. 
Functionalization of nanodiamonds with β-CD 
0.1g of acid-treated nanodiamonds, together with an excess of β-CD (~0.4g), were put into 
an autoclave. Deionized water was then filled to half of the autoclave. The resulting 
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mixture was put into an oven to heat at 200 degree Celsius for 30 minutes. After that, the 
resulting β−cyclodextrin functionalized nanodiamonds were extensively rinsed with 
deionized water, and then separated by sedimentation with a centrifuge at 10 000 rpm. This 
procedure of washing and centrifuging was repeated many times before drying. The IR 
spectra of the β-CD functionalized nanodiamonds were measured using a FTIR-
interferometer (Bomem MB154) with the sample in vacuum chamber or flowing nitrogen 
to avoid water absorption. Besides that, some of these nanodiamonds were also 
characterized by MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-
flight mass spectroscopy) to evaluate if β-CD is present on the surface of nanodiamonds. 
Since molecular weight of β-CD is more than 1000g/mol (molecular weight = 1135g/mol), 
MALDI-TOF MS can be used for analysis. 
Fabrication of polymer nanofibers 
0.8g of polysulfone was dissolved in a mixture of 4g DMF and 1g THF to achieve a 16wt% 
polymer solution. About 2 ml of the polymer solution was then taken in a syringe and 
pumped at the rate of 1 ml/hour using a syringe pump through a needle of internal diameter 
0.4 mm. A positive voltage of 13-15 kV was applied at the needle tip using a high voltage 
regulated power supply. A rectangular aluminium foil was wrapped around a rotating drum, 
which is then grounded and placed vertically below at a distance of about 15 cm from the 
needle tip as the collector. The voltage, flow rate and distance were optimal values 
evaluated from prior trial runs keeping in mind the mean fiber diameter and problems like 
bead formation. The fibers were collected until the entire 2 ml volume solution had been 
used up. The electrospun nanofibers were dried in vacuum immediately after spinning, for 
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about 6-8 hours to allow for residual solvent evaporation before proceeding to 
characterization using SEM and TEM. 
 
Attachment of functionalized nanodiamonds onto polymer nanofibers  
Two methods were identified in literature review to be suitable to attach the functionalized 
nanodiamonds onto the polymer nanofibers – (1) blending and (2) electrospraying. The 
resultant outcome of each method was then evaluated. 
Acid-treated nanodiamonds were used for proof of concept to evaluate the outcome of 
blending and electrospraying while waiting for the functionalization of β-CD onto 
nanodiamonds to be confirmed by characterizations. After evaluating the results of 
electrospraying and blending, β-cyclodextrin functionalized nanodiamonds were then 
incorporated into the nanofibers using the better method. 
Blending 
0.0045g of acid-treated nanodiamonds was mixed with 2ml of the prepared 16wt% 
polysulfone solution, and sonicated for about half an hour before the resultant mixture was 
used for electrospinning. The same procedure and conditions were followed like the 
abovementioned electrospinning process. The electrospun nanofibers were then annealed at 
165 oC at a controlled rate (5oC/min) immediately after spinning, for about 6-8 hours. 
Pieces of the resultant blended polymers of 50mg each was cut for characterizations. 
Electrospraying 
About 0.0045g of acid-treated nanodiamonds was mixed with 0.4ml of methanol and 
sonicated for half an hour before taking it into a syringe and pumped at the rate of 1 
ml/hour using a syringe pump through a needle of internal diameter 0.4 mm. A positive 
voltage of 13-15 kV was applied at the needle tip using a high voltage regulated power 
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supply. A piece of electrospun plain polysulfone nanofibers was placed 15cm from the 
needle tip like the set-up shown below.  The voltage, flow rate and distance were optimal 
values evaluated from prior trial runs keeping in mind the mean fiber diameter and 
problems like bead formation. The nanoparticles were collected until the entire 2 ml 
volume solution had been used up. The electrosprayed nanofibers were then annealed at 
165 oC at a controlled rate (5oC/min) immediately after spraying, for about 6-8 hours. 
Pieces of the resultant blended polymers of 50mg each was cut for characterizations. 
 
Characterizations 
The blended and electrosprayed polymers with nanodiamonds were then characterized with 
SEM and TEM. 
6.8 Results and Discussion  
Protocol for measurement of binding capacity and detoxification: 
UV-spectrometry:  
A 0.7 mM solution of Paraoxon in heptane was prepared as a stock solution. About 20mg 
of as- received nanodiamonds, β-CD, β-CD-functionalized nanodiamonds, activated 
carbon, were each immersed in 2ml of the above solution of Paraoxon for 30 minutes, 
before adding 2ml of NaOH to hydrolyze the leftover paraoxon before they were taken into 
quartz curvettes. The absorbance was detected and measured using Unicam UV-VIS 300 
series spectrophotometer with vision data system (Thermo Spectronics). The absorbance 
was measured. Paraoxon undergoes hydrolysis to yield p-nitrophenol. This compound 
absorbs light of 410nm wavelength, hence the increase in absorbance of p-nitrophenol at 




Surface areas of these samples were measured by using a Brunauer Emmett Teller (BET) 
Surface area analyzer (Quantachrome, USA): (1) as-received nanodiamonds, (2) plain PSU 
nanofibers, (3) β-CD-functionalized nanodiamonds electrosprayed onto PSU nanofibers, 
and (4) activated carbon (as received). All samples were degassed at 100oC for 8-12 hours 
prior to the analysis.  
 
 
Functionalization of nanodiamonds with β-CD 
 
Figure 6.4: FTIR spectra of as received nanodiamonds and acid-treated nanodiamonds 
 
The FTIR spectra of carboxylated/oxidized nanodiamonds are plotted in (Figure 6.4). The 
acid treatment of nanodiamonds creates the functional groups on the diamond surface and 
can be observed using FTIR spectroscopy. Several distinct features were observed after 
acid treatment – the CH2/CH3 peak at 2933cm-1 disappeared because the strong acid 
pretreatment described herein is effective in removing metallic and graphitic carbon 
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impurities from the diamonds surfaces [110]; a new peak at 1760 cm-1 also appeared after 
acid treatment, and this could be assigned as C=O stretching mode for the carboxylic acid.  
Functionalizing carboxylic acid groups onto the surface of nanodiamonds is important in 
order to carry out the next step, where β-CD can then react with the carboxylic acid groups 
on the nanodiamonds so that they can attach themselves to the nanodiamonds firmly 




Figure 6.5: FTIR spectra of pure β-CD and β-CD-functionalized nanodiamonds 
 
Extensive washings and drying were done to ensure that the β-CD-functionalized 
nanodiamonds were clean and dry before performing the FTIR spectroscopy. From the 
analysis of the FTIR spectra of β-CD, it was found that the vibrational bands were in 
agreement with the literature data [111]. The assignments of the vibrational bands are 






Table 6.1 The assignments of the bands of β-CD 




















3379 2924 1645 1416; 1368 1254 1157 1080 1029 756 
 
It is noted that the FTIR spectra of the β-CD-functionalized nanodiamonds also possessed 
all the peaks that were assigned above for pure β-CD even after extensive washing. 
However, an additional peak in the spectra of the β-CD-functionalized nanodiamonds was 
also observed at about 1790 cm-1, which could be assigned as C=O stretching mode for the 
ester group formed.  (Figure 6.6) below shows how the β-CD is attached to the 
nanodiamonds. Hence, the appearance of an additional C=O peak in the FTIR spectra of 
the β-CD-functionalized nanodiamonds was expected. Looking at the spectra of the β-CD-
functionalized nanodiamonds (Figure 6.6), it suggests that β-CD had been successfully 
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Figure 6.7: MALDI-TOF MS graph of β-CD-functionalized nanodiamonds 
 
MALDI-TOF MS showed a huge intense peak for the molecular weight of about 
1117g/mol. Although there is a slight difference between the molecular weight of 
1117g/mol and that of pure β-CD (1135g/mol), the peak at 1117g/mol could only be 
attributed to the presence of β-CD as no other molecules with molecular weight of more 
than 1000g/mol were expected to be found on the surface of nanodiamonds after 
functionalization. Besides, the reaction conditions used to functionalize nanodiamonds 
with β-CD only involved distilled water, thus chances of having a solvent peak with 
molecular weight of more than 1000g/mol was impossible. The slight difference in 















Figure 6.9: TEM images of (a) nanocomposites from electrospinning a blend of acid-treated 
nanodiamonds in PSU solution. (b) & (c) nanocomposites from electrospraying acid-treated 
nanodiamonds onto PSU nanofibers. 
 
The deployment of functionalized nanodiamonds in protective fabrics against chemical 
warfare would require their incorporation onto nanofibers, therefore part of the work also 
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examined the feasibility of coating these nanodiamonds uniformly onto the nanofibers. It 
first started out with the electrospinning of plain PSU nanofibers. Several trials of 
electrospinning were carried out so that the optimized conditions could be determined. The 
scanning electron microscope (SEM) images of these PSU nanofibers electrospun with the 
optimized conditions were then taken, as shown in (Figure 6.8). The fiber diameter for 
these images were measured using Java image processing software [Image J 1.29 (222 
commands)]. The nanofibers measured show that they are quite uniform in diameters, with 
an average of 1000±120 nm. 
As mentioned in Chapter II, 2 methods for the attachment of nanodiamonds onto the PSU 
nanofibers were identified – (1) electrospinning a blend of functionalized nanodiamonds in 
PSU polymer solution, and (2) electrospraying a dispersion of functionalized 
nanodiamonds in methanol onto an electrospun PSU nanofibers membrane. The 
transmission electron microscope (TEM) images were taken for the nanocomposites 
produced from both methods. (Figure 6.9a) shows that the acid-treated nanodiamonds were 
embedded within the PSU nanofibers after electrospinning the blend as the silver lining of 
the polymer highlighted in (Figure 6.9a) was seen to be covering the acid-treated 
nanodiamonds. On the other hand, (Figure 6.9b and c) show that the acid-treated 
nanodiamonds were distributed quite uniformly onto the surface of the PSU nanofibers by 
electrospraying. The exposed nanodiamonds on the surface of the nanofibers would 
consequently allow the effective capture of target molecules later. Besides, the 
functionalized nanodiamonds also did not leach even after stirring the electrosprayed 
nanocomposites in heptane for half an hour. The retention of the layer of uniformly 
distributed nanodiamonds along the nanofibers in (Figure 6.10 b) indicates firm binding of 
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the nanodiamonds onto the surface of polymer. This further reinforces the choice of 




Figure: 6.10 TEM images of acid-treated nanodiamonds electrosprayed onto PSU nanofibers 
(a) before stirring in heptane, (b) after stirring in heptane. 
 
The firm binding of the nanodiamonds on the nanofibers could be mainly attributed to the 
annealing process. During electrospraying, the dispersed nanodiamonds had high surface 
energy due to their small dimensions. As a result, the nanodiamonds had the tendency to 
bind to the surface of the nanofibers upon deposition in order to minimize their surface 
energies. Annealing carried out at near glass transition temperature of the polymer caused 
the polymer to become slightly rubbery, thus allowing the nanodiamonds to sink partially 
into the nanofibers. Upon cooling, the polymer solidified and readily locked the 
nanodiamonds onto the nanofibers, consequently binding the nanodiamonds firmly onto 
the nanofibers. 
The electrospraying process was initially carried out conventionally as shown in (Figure 
6.11). However, it was found that the droplets of nanodiamonds were sprayed all over 
instead of being targeted onto the membrane on the collector. The voltage difference 
between the tip of the needle and the collector (which was grounded) caused the droplets of 
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nanodiamonds to be sprayed all over instead of being sprayed precisely onto the 
electropsun PSU membrane itself.  Hence, it was determined that the conventional 
experimental set-up should not be followed and improvisations had to be made to the 
existing set-up. For the second trial, instead of grounding the collector, the tip of the needle 
was grounded instead. The collector plate was then connected to the voltage source. This 
improvised electrospraying method was then found to be successful in depositing the acid-
treated nanodiamonds uniformly onto the PSU nanofibers after evaluating the TEM images 
in (Figure 6.9b and c). As the dispersal of nanodiamonds has been known to be very 
challenging due to their high tendency to aggregate, the successful dispersion and 
deposition of nanodiamonds uniformly onto the nanofibers through electrospraying will 
allow the enabling of other engineering applications. 
 
Figure6.11 Model of electrospraying set-up 
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Studies on the binding and detoxification of nerve agents 
 
(i) Comparison of binding capacities of nanodiamonds with activated carbon 
Figure:6.12 UV absorption graphs – to show relative binding capacity for paraoxon (a 
simulant of nerve agent) by as-received nanodiamonds and activated carbon. 
 
As-received nanodiamonds were first evaluated using UV spectroscopy to determine their 
binding capacity for paraoxon in comparison to the existing gold-standard - activated 
carbon. Paraoxon (p-nitrophenyldiethyl phosphate) was used as a simulant for nerve agents, 
and is readily identifiable by UV-spectrometry as it has a phenyl ring that absorbs at 
270nm wavelength. Paraoxon will undergo hydrolysis to yield p-nitrophenol to absorb light 
of wavelength 410nm (because p-nitrophenol is yellow) if there is any detoxification 
activity. This is shown by the pink curve, which has a peak at 410nm, when NaOH was 
added to the paraoxon solution.  From Figure 6.12, as-received nanodiamonds were shown 
to have higher binding capacity for paraoxon than activated carbon by about 2 times as 
their intensity at 270nm was very much lower, almost half of that of activated carbon. This 
validates the hypothesis that nanodiamonds have better binding capacity for  the paraoxon  
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because of their high surface areas and their highly charged surfaces which give rise to 
strong electrostatic interactions with the paraoxon. 




Figure:6.13 UV absorption graphs – to study binding capacity and detoxification capability 




Figure6.14: (a) From left to right - paraoxon in heptane solution, pure white β-CD powder, 
white β-CD turned yellow in paraoxon solution, yellow solution due to the formation of p-
nitrophenol when NaOH was added to paraoxon solution. (b) Zoom-in picture of white β-CD 
turning yellow in paraoxon solution (left of picture) when compared to pure white β-CD 




Nanodiamonds would make an even more ideal material if their β-CD-functionalized form 
could also capture and detoxify effectively. Thus, the binding capacity and detoxification 
capability of β-CD-functionalized nanodiamonds were examined. In this UV spectrometry 
experiment, β-CD was first added to paraoxon solution and then studied to observe the 
peak at 410nm as β-CD is known to be able to detoxify paraoxon. The failure to observe 
the peak at 410nm was probably due to the tenacious binding of p-nitrophenol to β-CD 
ring. This was further supported by the fact that the white β-CD powder turned yellow 
upon the addition of paraoxon solution (Figure 6.14), which indicated the presence of p-
nitrophenol (which is known to be yellow in colour) in the β-CD ring.  
An additional step was also carried out by adding NaOH. The purpose behind the addition 
of NaOH was to hydrolyze the leftover paraoxon into its products (p-nitrophenol), which 
would then show a peak at 410nm, thus indicating the relative amount of paraoxon left 
after adding the respective materials into the paraoxon solution. From the UV graphs in 
(Figure 6.13), it is interesting to note that the β-CD-functionalized nanodiamonds had 
higher binding capacity for paraoxon than as-received nanodiamonds although the mass of 
both materials added to the paraoxon solution was the same. It was already deduced earlier 
in  (Figure 6.12) that the as-received nanodiamonds had higher binding capacity than 
activated carbon to paraoxon by about 2 times. However, β-CD-functionalized 
nanodiamonds showed even less paraoxon left in the solution after the reaction. The further 
decrease in paraoxon could possibly be due to the hydrolytic activity of the additional β-
CD that was successfully functionalized onto the surface of nanodiamonds. The excellent 
binding capacity of β-CD functionalized nanodiamonds for paraoxon provides us with the 
motivation to investigate their detoxification properties in the future. 
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Electrospraying β-CD functionalized nanodiamonds onto PSU nanofibers 
 
(a) (b) (c) 
 
Figure: 6.15 (a) & (b) SEM and TEM of β-CD functionalized nanodiamonds electrosprayed 
onto PSU nanofibers before extraction of paraoxon. (c) Selected area electron diffraction 
(SAED) image of the β-CD nanodiamond particle on the surface of the nanofibers which 
shows its polycrystalline nature. 
 
  
Figure: 6.16 SEM and TEM of β-CD-functionalized nanodiamonds electrosprayed onto PSU 
nanofibers after extraction of paraoxon. 
 
In the last part of the project, the coating of β-CD-functionalized nanodiamonds onto 
nanofibers was also attempted, with a view towards its potential application for protective 
fabrics in chemical warfare. The β-CD-functionalized nanodiamonds were deposited onto 
the PSU nanofibers by electrospraying because of the proof of concept done earlier using 
acid-treated nanodiamonds. (Figure 6.15a and b) show the TEM images of the PSU 
nanofibers membranes which were electrosprayed with β-CD-functionalized 
nanodiamonds. Like the case for the acid-treated nanodiamonds, these β-CD-
functionalized nanodiamonds also looked well-distributed along the surface of the 
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nanofibers. Even after the extraction process in paraoxon solution for half an hour, the β-
CD-functionalized nanodiamonds were still seen to be uniformly attached onto the 
nanofibers (Figure 6.16). This further validates the feasibility of using electrospraying in 
the uniform deposition of nanoparticles onto nanofibers. 
Table 6.2 Specific surface area studies using BET 
Material specific surface area (m2/g) 
As-received nanodiamonds 83.3±9 
Plain PSU membrane 13.2±3 
60.1±6 β-CD-functionalized nanodiamonds 
electrosprayed on PSU membrane 
Activated carbon 48.5±6 
 
BET analysis was also done to determine the specific surface areas for the various 
materials as shown in Table 6.2. Comparing the specific surface area of plain PSU 
membrane and that of electrosprayed β-CD-functionalized nanodiamonds PSU membrane, 
it validates that the addition of nanoparticles onto the nanofibers had increased the specific 
surface area of the overall nanocomposites, as described in the Literature Review. The 
resultant electro sprayed β-CD functionalized nanodiamonds PSU membrane was also 
shown to have higher specific surface area than that of activated carbon. The above 
observation suggests that the functionalized nanodiamond membranes can be good 
substitute for activated carbon in the fabrication of protective fabrics against chemical 
warfare.  Not only are the β-CD functionalized nanodiamond membranes light, they are 
also favorable because of their high specific surface areas that are available for the binding 





In this section, the functionalization of nanodiamond with β-CD had been investigated with 
a view towards its application as an absorbent and active detoxification medium of nerve 
agents in chemical warfare. The surface of the nanodiamonds had been investigated with 
techniques such as FTIR and MALDI-TOF MS, which demonstrated the successful 
functionalization of β-CD onto the nanodiamonds. The deployment of these β-CD-
functionalized nanodiamonds in protective fabrics against chemical warfare would require 
their incorporation into nanofibers, therefore in this work it was successfully developed a 
strategy based on a modified electrospraying process for the coating of nanofibers with β-
CD-functionalized nanodiamonds. The dispersal of nanodiamonds has always been known 
to be very challenging due to its high tendency to aggregate, hence the feasibility of 
coating the nanofibers with these nanodiamonds will allow the enabling of many 
engineering applications. The nanofibers coated with β-CD-functionalized nanodiamond 
exhibited higher specific surface area in BET analysis. This suggests that the 
functionalized nanodiamond membranes can be good substitute for activated carbon in the 
fabrication of protective fabrics against chemical warfare. The excellent binding capacity 
of β-CD-functionalized nanodiamonds for paraoxon (nerve agent simulant) observed in the 
UV absorption studies also provides us with the motivation to investigate their 
detoxification performance in the future. 
 
Chapter –VII 
CHAPTER 7 - Fabrication of Nanocomposite Filter Media, 
and Modeling the Filtration Aspects  
7.1 Introduction 
Nanofibers can be functionalized with agents that react to detoxify the harmful 
environmental toxins [76], possess high specific surface area necessary for the reactive 
adsorption and can be mass produced economically through the electrospinning process. 
However, their application in the physical reality is constrained by two major drawbacks – 
high breathing resistance and specificity.  
If the Knudsen number (ratio of fiber diameter to mean free path of air) for flow across the 
filter becomes greater than 0.25, then slip flow becomes significant. This is the case with 
nanofibrous filters possessing fibers of diameter less than 0.5 μm. When slip flow occurs, 
the air velocity at the surface of the fibers is non-zero, and hence this should translate into a 
lower pressure drop across the nanofibrous filter. However, contrary to this fact, it is 
known in practice that the nanofibers, due to their small dimensions, can pack themselves 
into very small volumes, reducing the pore size and result in high breathing resistance. 
Published reports [69, 75] show that the typical pressure drop across a nanofiber membrane 
100μm thick is 40-60 in. H2O, whereas the maximum allowable pressure drop across a face 
mask membrane can be only 4 in. H2O (for 80 liters of air per minute which corresponds to 
heavy breathing rate). Such a high pressure drop across the membrane is unacceptable for 
the face mask application. In order to achieve high specific surface area it is necessary to 
reduce the diameter of the nanofiber, but reduction in diameter will increase the breathing 
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resistance offered by the filter. This puts a limit on the smallest diameter of the fiber that 
one can use to form filter membranes which directly affects the filtration performance.  
The second major concern is that polymer nanofibers functionalized with reactive groups 
are highly specific to only a single class of compounds [77]. Thus, a nanofiber media 
functionalized to detoxify nerve agents may outperform activated charcoal in capture of 
nerve agent, but it might be highly ineffective in capture and reaction with the other classes 
of warfare agents. This hurdle was overcome by using ceramics instead of polymer based 
filters [77-79] which could adsorb all types of warfare agents and reactively decompose 
them; nevertheless, ceramic nanofibers are highly brittle and cannot be used for fabrication 
of continuous filter membranes. These limitations restrict the use of nanofibers in gas 
masks.  
This section demonstrates a simple membrane design, as the first of its kind, using 
composite polymer nanofibers with a low breathing resistance that can be adopted to 
manufacture reactive face-mask filters.  
7.2 Experimental Details 
Materials 
Poly(sulfone) (PSU) polymer, (Mol. wt. 26,000Da, Tg – 190oC) was purchased from 
Aldrich chemicals, Germany. Solvents, n-heptane (Tb – 98oC) and N,N-dimethyl 
formamide (Tb – 155oC, anhydrous 98%) were also procured from Aldrich chemicals, 
Germany and were stored in molecular sieves (UOB Type 4Å, Fluka, Germany) before use. 
Ethanol (purity ACS grade, 99.5%) was purchased from Sigma-Aldrich, Germany and 
glacial acetic acid (purity 100%) was from BDH, England. Zinc acetate (density – 1.84 
g/ml, 99.99%) and titanium isopropoxide (density – 0.955 g/ml, 97%) were procured from 
  100
Chapter –VII 
Sigma-Aldrich, Germany. Glass fibers (melt blown, non woven media of thickness 1mm) 
were obtained as a gift and were characterized for average fiber diameter and pore size 
distribution. To assess the performance of membranes in the detoxification of chemical 
warfare agents, simulants chosen from the approved list [80] such as 2-chloroethylphenyl 
sulfide, (CEPS) (Mustard agent simulant, Tb – 98oC, Sigma-Aldrich, Germany) and 
paraoxon - diethyl p-nitrophenyl phosphate (Nerve agent simulant, Supelco Inc., USA) 
were used.  
 
Methods 
Zinc titanate (ZnTiO3) nanoparticles were prepared by aerogel method described in detail 
in [81]. In this technique, zinc acetate and titanium isopropoxide in equimolar ratio were 
mixed in excess of ethanol and one drop of acetic acid was added as catalyst. The solution 
was kept in stirring condition for about 4 hours and then transferred to an autoclave and 
heated to a temperature of 250oC for 30 minutes in a convection oven. The white powder 
which was formed as a result of solvent evaporation was then transferred to an alumina 
crucible and fired in a high temperature furnace at 700oC with a soaking period of two 
hours. The resultant ZnTiO3 nanopowder was characterized by SEM and XRD. The 
mechanism of formation of ZnTiO3 phase has already been described in detail [76]. A 8% 
by wt. solution of PSU was prepared in DMF by continuous stirring for 6-8 hours and the 
synthesized ZnTiO3 nanopowder was added to the same (10% by wt. of polymer). Stirring 
was continued for another 4-6 hours. The nanopowder-polymer system was found to be 
quite stable and homogeneous. This solution formed the precursor for electrospinning. The 
theory and techniques of electrospinning are detailed in [78]. The precursor used for 
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electrospinning was filled in a 3 ml syringe fitted with a stainless steel needle of diameter 
0.5mm. The syringe was mounted on a syringe pump which was preset for a flow rate of 1 
ml/hour. A positive DC voltage of 0.9-1.5kV/cm was applied at the needle tip and the 
nanocomposite fibers were collected on a grounded cylindrical aluminium drum rotating at 
a speed of about 1000 rpm. The diameter of the nanofibers varied with the applied voltage. 
The thickness of the nanocomposite fiber mesh was measured using a micrometer and was 
maintained uniform for all samples by optimizing the duration of spinning. The deposited 
nanofiber mat was dried in vacuum for 6-8 hours and further heat treated at 150oC in a 
drying oven. (Figure 7.1) depicts the schematic for preparation of the nanocomposite fibers 
by electrospinning.  
The performance of the nanocomposite membranes were tested against chemical warfare 
simulants. Paraoxon is one of the approved simulants for nerve agent [75] and 2-
chloroethyl phenylsulfide is a simulant for the mustard agent [80]. A known weight of the 
composite filter is taken in a fixed volume of the simulant diluted 10-6 parts (by vol.) using 
heptane solvent. The initial absorbance peak of this solution is noted. As the simulant 
reacts with the ZnTiO3 moiety, it is bound to get hydrolyzed into products, which will 
decrease its overall concentration in the solution. Thus by monitoring the decrease in 





Figure 7. 1 Schematic depicting the production of nanocomposite fibers 
Characterization details 
Scanning electron microscopy (SEM) images were obtained using a Quanta 200F 
instrument (FEI, Netherlands). The samples were sputtered with Au, using a Auto Fine 
Coater JFC1600 (JEOL, Japan) prior to the SEM analysis. X-Ray Diffraction (XRD) 
spectra were measured using a Hitachi XRD analyzer (Hitachi, Japan). Surface area of zinc 
titanate nanoparticles and the nanocomposite fibers were measured using a Nova-3000 
BET analyzer (Quantachrome, FL, USA). The samples were degassed in nitrogen at 100oC 
for a period of 12 hours prior to the BET analysis. Pore size distribution and pressure drop 
measurements for the fabricated filter membranes were performed on a capillary flow 
porometer (Porous Materials Inc., USA). A wetting liquid Galwick™ (Porous Materials 
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Inc. USA) was applied to simultaneously fill the pores in the membrane being tested. 
Nitrogen gas differential pressure was slowly increased on the membrane sample to 
remove the liquid from the pores and permit gas flow. The differential pressure and flow 
rates for the wet and dry membranes were measured simultaneously. All the required pore 
structure characteristics such as pore size at bubble point, mean flow pore and pore size 
distribution were computed from the measured differential pressure and gas flow rates [82, 
84]. The relationship governing pore size from the corresponding pressure drop is given by 
the Young- Laplace equation  
θγ cos2
P
R Δ=  
Where R is the pore radius, ΔP is the differential pressure and θ is the wetting angle. γ is 
the surface tension of the wetting liquid (=15.9 dynes/cm for Galwick™) 
To assess the performance against chemical warfare simulants, a solution of 10-6 parts (by 
vol.) of the simulant was prepared in heptane. 50 mg of the nanocomposite membrane 
sample was dipped in 5 ml of this solution and its absorbance was analyzed using a 
Unicam-300 UV-Vis spectrophotometer (Thermo Spectronics, MA, USA). The decrease in 
absorbance of the characteristic peaks was measured as a function of time. The apparent 
density and porosity of the nanocomposite membranes were calculated using the equations 













cmgnsityApparentDe−Membrane Porosity (%) = [ ] x 100 
The polymer (bulk) density of PSU is 1.28 g/cm3 [58]  
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7.3 Results and Discussion  
PSU polymer was chosen because of the fact that electrospun PSU nanofibers possess 
residual charge and the nanofiber membrane fabricated after electrospinning is more fluffy 
and hence also more porous compared to those formed from other polymers like 
poly(vinylchloride), nylon-6, etc [79, 83]. Other polymers like poly(vinylidene difluoride), 
poly(vinylidene-co-hexafluoropropylene) also possess this charge retention capacity; 
Retaining the electrostatic charge is critical during the first few hours after electrospinning 
as all the residual solvent evaporates in this period. In polymers which do not retain charge, 
the residual solvent will cause the fibers to stick together and reduce the membrane 
porosity, whereas in this case, the mutual repulsion between fibers possessing residual 
charge prevents them from sticking.   
 
Figure 7.2(a) SEM image of the synthesized ZnTiO3 nanoparticle clusters; mean diameter 
150±80nm  
2(b) XRD spectrum of ZnTiO3 nanoparticles  
 
(Figure 7.2) shows the SEM image and XRD spectra of the ZnTiO3 nanoparticles used as 
the reactive agent in the nanocomposite membranes. The Java image processing software 
[Image J 1.29 (222 commands)] was used to measure the diameter of nanoparticles and the 
mean diameter was found to be 150±40nm. XRD peak information was identified by 
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comparing the spectrum with JCPDS data [Powder diffraction card #26-1500]. The 
characteristic peaks were found to resemble those reported earlier [77, 84]. The average 
BET surface area was found to be 74m2/g. Figure 3 (a) shows the SEM image of the melt 
blown glass fiber mat used. Figure 3 (b) depicts the nanocomposite membrane that was 
fabricated by electrospinning PSU in DMF blended with the ZnTiO3 nanoparticles on the 
glass fiber support. The average diameter was found to depend on the conditions of 
electrospinning and is given in table-1. For the non woven glass fiber mesh, the average 
fiber diameter was found to be 20±4 μm.   
 
Figure7. 3 (a) SEM image of the melt blown glass fiber mat; mean fiber diameter 20±4 μm  
7.3 (b) SEM image of the nanocomposite fibers electrospun on glass fiber support;  
 
These nanocomposite membranes were then tested for their activity against the chemical 
warfare simulants. The absorbance of the characteristic peak, 270±5nm for paraoxon and 
230±8 nm for CEPS was measured as a function of time. Three trials were done to 
ascertain the percentage of simulant reacted for each nanocomposite sample. Previous 
reports show ZnTiO3 nanofibers as a non-specific adsorbent for both nerve and mustard 
agent simulants. Since this reactive moiety is now blended in the polymer PSU, the 
reactivity is significantly lower compared to bare ZnTiO3 nanofibers reported earlier [77]. 
Table 7.1 shows the extent of reaction of the nanocomposite membranes towards paraoxon 
and CEPS and their surface area by the Brunauer Emmet Teller (BET) method.  
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Table 7.1 Reactivity of nanocomposite membranes towards chemical warfare simulants  
 
% Paraoxon 
reacted Nanocomposite fiber diameter, 
avg. (nm) 
% CEPS reacted Average BET 
surface area Applied voltage (kV/cm) Sample (in 60 minutes) (in 60 minutes) (m2/g) [avg.] [avg.] 
1 0.92 1400±90 16.4 7.8 16.5 
2 1.00 900±120 28.3 14.5 19.5 
3 1.33 500±60 35.6 26.1 27.2 
4 1.50 300±70 29.3 24.7 25.4 
 
The reactivity of the membranes varies with the degree of exposure of ZnTiO3 moiety. As 
the diameter of the fiber reduces, the extent of exposure of ZnTiO3 increases and thus there 
is more surface area available for reaction with the simulant. The observed BET surface 
area of the nanocomposite membranes testifies this explanation. It was noted that in most 
of the electrospun nanocomposite fibers, the reactive ZnTiO3 moiety was seen in clusters. 
(Figure7.4) shows the exposure of the nanoparticles on the PSU nanofibers. There is a 
sharp increase in the surface area for sample 3, comprising of fibers with diameter 500±60 
nm. This is explained by the observation that at this fiber size, the ZnTiO3 reactive 
aggregates could no longer get engulfed by polymer and start to bulge out of the fiber.  
Working on these lines, it was assumed that further decrease in fiber diameter will again 
increase surface area and consequently reactivity, but it was not feasible to increase the 
voltage beyond 1.33kV/cm due to limitations such as clogging of the needle which resulted 
sometimes in non-uniform lumps of fibers. This contributed to some reduction in the 
specific surface area as well. Hence, for the rest of this study, 1.33kV/cm was used to yield 
fibers of mean diameter 500±60 nm. The porosity of the various samples was calculated 






Table 7.2 Properties of the nanocomposite layer (electrospun media)  
Property Sample 1 Sample 2 Sample 3 Sample 4 
Membrane thickness 50 μm 50 μm 50 μm 50 μm 
0.18 g/cm3 0.25 g/cm3 0.18 g/cm3 0.21 g/cm3 Apparent density 
Porosity 85.9 % 83.8 % 86.1 % 80.7 % 
 
Generally the porosity of the samples was found to be quite high and lies in the acceptable 
limit (> 80%). Being made of nanosize fibers, the apparent density was found to be quite 
low which contributed to the high porosity values.  
 
Figure 7.4: Nanoparticle exposure by nanocomposite fibers of various diameters  




(Figure 7.5) shows the various filter assemblies investigated. In ordinary canisters the 
thickness of activated carbon layer used is about 3/5th of an inch upto even 1 inch 
depending on the service requirement [70]. However, it would not be feasible to pack the 
nanofibers for this entire thickness as they will result in immense breathing resistance. 
Type I is essentially a design that employs just three layers of nanofibers, each of thickness 
50 μm packed on top of one another. Although the measured porosity is >80 %, however, 
the pressure drop across this filter is 46.4k Pa for the heavy breathing rate of 80 liters per 
minute. This is extremely high for a face mask application where the maximum allowed 
breathing resistance is only 600 Pa for heavy breathing rate.  
 
In type II filter design, a layer of the nonwoven glass fibers of thickness 500 μm was 
employed as a spacer between adjacent nanofiber layers. For fabricating this filter, 
electrospun nanocomposite fiber mats of thickness 50 μm after fabrication by 
electrospinning were placed on the glass fiber mesh alternately for upto 3 layers as shown 
in (Figure7.5b) and heat treated at 150oC. The heat treatment improved physical bonding 
between the nanofiber layer and the glass substrate thereby preventing detachment by slip. 
This filter design was also characterized for pressure drop and the values remarkably 
reduced to 5.1k Pa at the heavy breathing rate. It is significant to note that the values for 
average pore size in this filter type remains close to those for type I design. 
 
In type III, the glass fibers were directly fixed on the rotating drum while electrospinning. 
The glass fibers along with the deposited nanocomposite fibers were removed, inverted and 
fixed on the rotating drum and once again nanocomposite fibers were deposited on them. 
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This method led to formation of a more interconnected nanofiber network as during 
electrospinning some nanocomposite fibers got into the gaps between the glass fibers as 
can been seen in (Figure 7.5c). In this case, since the nanocomposite fibers in the top and 
bottom surfaces of the glass fibers are already interconnected, heat treatment led to strong 
attachment and the filter was much stable compared to type II design. It is remarkable to 
note that for the same thickness of the nanofiber layers, the pressure drop now reduces 3.4k 
Pa. Using the equations described previously porosity was calculated for the three different 
filter assemblies.  
 
Although the average pore size and porosity are lower than the previous case, the pressure 
drop is lower. This is attributed to slip flow within the filter. In type I filters, the nanofibers 
were stacked together and all flow through the membrane was diffusive. In type II filter, 
the spacer fibers introduced between the nanocomposite fibers possessed greater porosity 
and hence reduced the pressure drop to a great extent. But, in this type, the tortuosity is 
relatively low compared to type I. Tortuosity determines the residence time of the medium 
and affects the breakthrough performance. However, in type III design, it was shown  that a 
similar configuration as that in type I could be retained with a low pressure drop. Type III 
brings in a perfect blend of diffusive and pressure driven transport which contributes to the 
reduced breathing resistance. It is noteworthy that by this design, the tortuosity would not 
be much different from type I design and hence the breakthrough performance of this filter 




Figure: 7. 5 Different filter assemblies studied(a) Type I, (b) Type II and (c) Type III 
 
Table 7.3 below depicts the characteristics of the nanocomposite filters measured;  
 
Table 7.3 Porometer measurements  
 
Pressure drop (Pa) 
 @ 80 lpm  Average pore 
size (μm) 
Bubble point 
pressure (psi)  






Glass fiber mesh 0.012  12.65  96.5 330  2,000  
Type I 2.465  1.76  80.2 15,800  46,400 
Type II  0.087  2.61  89.1 1,800 5,100 
Type III  0.021  2.47  84.9 700  3,400  
 
7.4 Modeling the Filtration Properties  
Electrospun fiber mats are promising barrier material for aerosol filtration. Unlike 
traditional filtration media that cannot simultaneously achieve high filtration efficiency and 
low pressure drop or high air permeability, electrospun fiber mats have small fiber 
diameters and large surface areas, and hence they can significantly increase the filtration 
efficiency without sacrificing the air permeability. Usually the electrospun fiber mats are 
deposited on fabric substrates to combine advantages of both materials. One major 
challenge in developing protective materials is to maintain low pressure drop and high air 
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permeability while increasing the filtration efficiency. Many filtration media provide high 
efficiency by sacrificing pressure drop or air permeability 
 
The mechanical strength of nanofibrous membranes is not sufficient to withstand 
macroscopic impacts during filtration applications such as normal liquid or air flows 
passing through them. Hence, they need to be used as active coating layer on existing melt 
blown supportive fibrous media (substrates) or the fibers need to be bonded to enhance 
mechanical property. The substrates like melt blown supportive fibrous provide appropriate 
mechanical properties to allow pleating, filter fabrication, durability in use and in some 
cases filter cleaning [8]. In addition, the substrate also serves as a safety filter in case of 
inadvertent damage to nanofiber layer during use. Thermal treatment of nanofibrous web 
above the glass transition temperature (more precisely between the glass transition 
temperature and melting temperature) joins the fibers at nodes (designated as interfiber 
bonding) and improves the interpore connectivity in the web; thereby improves the 
filtration capability of the web. Interfiber bonding makes the web rigid and mechanically 
stronger (by enhancing the tensile strength). Treatment conditions depend on the molecular 
weight of polymer and molecular weight distribution.  
 
For the better adhesion between the fibers, less concentrated polymer solutions containing 
solvents of high boiling points are often useful. Porous fibrous structures can be prepared 
from 10 to20%solutions of polymers in low-boiling solvents with boiling point above 100 
◦C. The fibers with residual solvents can stick together at a large contact points without 
deformation. In this case, upon evaporation of solvent, the fibrous materials have, on the 
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one hand, mechanical properties close to those of continuous film and, on the other hand, 
this approach helps to retain porosity of the web.  
Development of both stable and active enzyme systems is still a challenging issue in 
realizing the successful application of enzymes for industrial applications. Highly specific 
catalysts like enzymes can be recycled and reused by stabilizing and coating over surface 
area of polymer nanofibers. The specific surface area of nanofibrous membrane can be 
enhanced by reducing the diameter of fibers. Gibson et al. [8] show that the electrospinning 
process can be conventionally used to produce a specific surface area ranging from 1 to 
35m2/g; depending on the diameter of fibers. Fibrous membrane made of porous fibers 
further enhances the specific surface area of membrane. The specific surface area result 
from the porous fibers is much higher than that is possible by reducing the diameter of 
fibers. The nanofibrous media has an advantage over mesoporous media by relieving the 
mass transfer limitation of substrates/product due to their reduced thickness and intrafiber 
porosity.  
7.5 Optimization of Parameters and Loading 
The scope of this part is to optimize the reactivity of the nanofibrous membranes by 
adoption of a different fabrication strategy which can allow the reactive metal oxide to 
remain on the surface of the polymer.  
ZnTiO3, as before, was used as the model compound that can detoxify both nerve and the 
mustard agents. The nanoparticles were synthesized by modified aero-gel process. 
Polysulfone (PSU) polymer was electrospun into nanofibers from a precursor solution 
containing 15% by weight of the polymer in a mixture of Dimethylformamide (DMF) and 
Tetrahydrofuran (THF). A 5% by weight suspension of Zinc Titanate in methanol was 
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prepared and used as the precursor for electrospraying process. Once the PSU membrane 
was completely dry, it was used as the substrate and ZnTiO3 was electrosprayed upon. The 
conditions used are 40-50% humidity, flow at 4ml/hr and using a needle of internal 
diameter 0.6mm.  
The composite membranes were annealed at 160oC to thermally bond the ZnTiO3 to PSU 
before using them against paraoxon. The average efficiency of decontamination of 
paraoxon was determined from three measurements of UV absorbance. This value was 
found as 37%.  
While the efficiency certainly improved, the increase was not too significant. A probable 
reason could be the presence of a low concentration of ZnTiO3 on the PSU membrane. 
Although about 0.5 mg was used to spray over a 100cm2 surface, this loading might be low 
for effective decontamination. A possible solution is to improve the loading by 
electrospraying for a longer duration or at an increased flow rate. However, both of these 
techniques led to deposition of ZnTiO3 nanoparticles on top of one another which led to 
their leaching from the composite membrane.  
An alternate approach was arrived at wherein the polarity of the collector and the needle tip 
were reversed similar to the approach in Chapter 6 for electrospraying of nanodiamonds. 
This method is coined as focused electrospraying technique. The positively charged 
electrode was connected to the base collector on top of which the PSU electrospun 
membrane was placed. The needle tip was grounded. A higher electric field was employed 
(1.2-1.5 kV/cm) Using this approach it was possible to focus the jet quite precisely on the 
desired collection area. Also by this method the deposition area was quite small (2-3 cm 
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wide circle) it was possible to achieve uniform spraying on all the fibers without 
accumulation of the nanoparticles on a single fiber.  
Once again after electrospraying ZnTiO3, the composite membranes were annealed at 
160oC and then tested against paraoxon. The efficiency values are presented in the table 
below. The membrane was also characterized for pressure drop. These values are also 
listed in the table below. 
Table 7.4 Pressure Drop and Paraoxon Decontamination efficiency 
Membrane 
Pressure Drop (avg) @ Efficiency against 30 lpm with glass fiber Paraoxon (average) spacing 
1. Blended with ZnTiO3  28% 700 Pa 
2. Conventional electrospraying 
with ZnTiO3 nanoparticles  37% 580 Pa 
3. Focused electrospraying  62% 630 Pa 
 
            




                            
Figure: 7.7 TiO3 – focused electrospraying approach – After Paraoxon reaction 
 
The SEM images show that the nanoparticles bound to the surface remain intact after 

































Table 7.5 Table of results for Composite Fiber Characteristics (PSU-ZnTiO3)
Influencing parameter Fiber Diameter1 
(nm)  
Membrane Thickness2 (mm)  Average pore3 Porosity4 (%)  
size (μm)  
Twin Ply Multi-ply Twin Ply Multi-ply   
Electric Field Strength (V/m); Speed = 1000 ± 10 rpm; Ceramic agent loading – 0.5% ; Polymer Concentration 8%  
75,000 (9KV/12 cm)  860±140 1.2  2.2  2.34 89.2  94.6  
83,333 (10KV/12cm)  840±110 1.0  2.6 1.68 90.1  95.6  
100,000 (12KV/12cm)  760±50 1.1 2.4  2.46 85.4  92.7  
116,667 (14KV/12cm)  600±120 1.2 2.3  2.61  80.2 92.1 
133,333 (16KV/12 cm)  600±80  1.3  2.4  1.76  76.8  90.8  
Speed of Collector (rpm);  Electric Field Strength 116,667 V/m ; Ceramic agent loading – 0.5% ; Polymer Concentration 8% 
0 (static collector)  800±120 1.1 2.4 5.43  90.3  96.5  
1000 ±10 600±120 1.2 2.3  2.61 80.2 92.1 
2000 ±10 630±80 1.2 2.4 4.23 84.9  91.3  
3000 ±10 440±90  1.2 2.3 2.47  79.7  87.6  
Polymer concentration (wt/wt solvent);   Electric Field Strength 116,667 V/m ; Speed = 1000 ± 10 rpm; Ceramic agent loading – 0.5% ;  
8 %  600±120 1.2 2.3  2.61  80.2 92.1 
10 %  680±90 1.2 2.3 3.45 82.5 94.3 
12 %  820±30 1.1 2.4 3.80 88.0 95.4 
Ceramic reactive agent loading (wt/wt solvent);  Electric Field Strength 116,667 V/m ; Polymer Concentration 8% ;  Speed = 1000 ± 10 rpm 
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This parameter variation will determine % exposed /effectiveness of detoxification   
 
0.5 %   600±120 1.2 2.3  2.61  80.2 92.1 
1  % 520±60 1.1 2.3 2.56 74.0 85.8 
2 %  500±20 1.2 2.4 1.18 65.9 76.7  
 
Ceramic Reactive agent loading Vs Tensile Strength   Electric Field Strength 116,667 V/m ; Polymer Concentration 8% ;  Speed = 1000 ± 10 rpm 
This parameter variation will determine physical fiber characteristic    
Fiber Diameter1 
(nm)  
Membrane Thickness2 (mm)  Average pore3 
size (μm)  
Influencing parameter Ultimate Yield Strength 
(MPa)    
0.5 %   600±120 1.2 2.3  2.61  17.1 14.3 
1  % 520±60 1.1 2.3 2.56 14.8 11.7 
2 %  500±20 1.2 2.4 1.18 13.6 10.1 
Speed of Collector (rpm);  Electric Field Strength 116,667 V/m ; Ceramic agent loading – 0.5% ; Polymer Concentration 8% 
0 (static collector)  800±120 12 2.4 5.43  14.5 12.1  
1000 ±10 600±120 1.2 2.3  2.61 17.1 14.3 
2000 ±10 630±80 1.2 2.4 4.23 19.0 14.6 





1: Measured with 20-30 readings taken from 4 different SEM images; 
2: Measured and averaged over three values taken at different regions of the membrane, corrected to single decimal  
3: Value obtained from porometer measurements (diameter at maximum pore size distribution)  
4: Calculated and averaged for three membranes, corrected to single decimal  
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 Figure: 7.9 take up speed 1000, 2000 and 3000 rpm 
 

























7.6 Modeling of Parameters based on the results obtained 
I. Expression for decontamination efficiency 
 
presentsimulant





C x 100 η = 




reactionforavailableareasurfaceExposed ) Cr = f(
 
e
ApExposed surface area of reactants α   
Ap = Specific surface area of the nanoparticles  





Ap =  
df = fiber diameter  
dp =nanoparticle diameter  
 
From the plots it can be inferred that  
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⎛ 11  Therefore η = 
CL = nanoparticle loading concentration (% of nanoparticles sprayed with respect to 
polymer concentration)  
E = Electric field (kV/cm)  
w = angular take up velocity (rpm)  
A, B and C are constants for a particular material system (polymer, nanoparticle 
combination)  
 
Thus, it can be observed that the decontamination efficiency is directly proportional to 
the electric field, the take up velocity and particle loading concentration. The 
decontamination efficiency decreases with increase in membrane porosity.  
 
 
II. Pressure Drop across a filter (Breathing resistance)  
 
fdN
e 1Pressure drop across a filter δP α  
Therefore the pressure drop across a Nanocomposite filter membrane  






eδP =  
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N = no of layers 
e = porosity  
Cp = polymer concentration 
 
Pressure drop across a filter membrane signifies the resistance to breathing. Lower the 
pressure drop, better is the comfort level for personnel wearing it.  
From the equation above, for δP to be a minimum, it can be inferred that porosity should 
be a maximum, and the fiber diameter should also be on the higher side.  
III. Mechanical strength of the nanocomposite material   
( )( )( )edC fL
1Ultimate Tensile strength of the Nanocomposite membrane T α  
 
Therefore Tensile strength of a Nanocomposite membrane 
 






1  T = 
 
The mechanical property of the nanocomposite material is the third most important 
consideration which describes the ease of handlability of the material.  
To possess a high strength, the material should be made of fibers of smaller diameter and 
should possess a low porosity.  
It can be seen that all three conditions cannot be satisfied simultaneously. This means, if 
the decontamination efficiency is a maximum, allowing the fiber diameter to be 




This also increases the mechanical strength of the nanocomposite membrane which is 
favored.  
To obtain a fixed set of parameters for a given material system, these equations can be 
used. Before these equations are directly used, it is imperative to obtain values for the 
indices A, B and C for the particular system.  
7.7 Summary 
In this section a method is described for fabricating reactive filters for the detoxification 
of chemical warfare simulants for use in face masks. By proper engineering, it is possible 
to overcome some of the drawbacks encountered earlier and fabricate a stable filter which 
not only detoxifies the chemical warfare simulants but is also breathable. The direction 
ahead would be to test these filters with warfare agents or simulants in aerosolized phase 
or in vapor form to determine their breakthrough time and further optimize this design. It 
is believed that by optimization of the electrospinning conditions and the loading of 
ZnTiO3 nanoparticles, it is possible to achieve even lower pressure drop values. Our 
major strength is that all steps followed in fabrication of the filters are easily scalable to 
the industrial level without the need for much modification.  
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CHAPTER 8 – Conclusion and Recommendation for 
Future Work  
8.1 Summary of Research and Conclusion  
The table 8.1 below shows the summary of this research and results.  
Table 8.1 Summary of the research on Decontamination of Chemical Warfare Simulants using 
Electrospun media 
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Five different approaches of fabrication of electrospun nanofiber based reactive material 
was undertaken out of which the polymer nanofibers, loaded with metal oxide 
nanoparticles using the focused electrospinning approach appears to be most suitable.  
A sample filter material was fabricated using the selected most suitable material, and 
based on experiments, empirical equations were arrived at to express the relation between 
decontamination efficiency against breathing resistance and mechanical strength (tensile 
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strength). Using these equations, any polymer-metal-oxide nanoparticle system can be 
electrospun and fabricated into a reactive filter such that it possesses the necessary tensile 
strength and desirable breathability. These results have the capability to directly influence 
the protective technology industry.  
This research was a proof-of-concept of the hypothesis of using electrospun nanofibers 
for protection against chemical warfare agents. The results achieved are quite promising 
and suggest that there is a great potential for applicability of nanofibrous material for 
protective systems (in face mask as well as protective liners). It is noteworthy that some 
of these nanofiber systems that were investigated in this research have interesting 
properties such as electrochromism, colossal magnetoresistance, piezochromism, 
ferroelectric, etc; which make them quite suitable for other applications such as sensors, 
shielding materials, etc as elaborated in the following section.  
Therefore, they can be integrated into a protective system whereby the user can detect the 
presence of a toxic analyte and the filters help in decontamination for the duration for 
which the user stays in the contaminated environment.   
To take these materials into commercial stage or application level, further testing is 
required using the live agents. The expected protection-duration and re-useability of these 
filters would need to be explored. A more interesting way forward is the integration of 
sensor function into the material so as to make them into an all-in-one combat material.  
The use of nanofibers for protection was first reported in 2003 and still remains a vision. 
The author believes that by way of this research, there has been a advancement by a small 





8.2 Future Direction - Improve Survivability 
Survivability is fundamental to the conduct of warfare. Camouflage uniforms for many 
years have been provided to the armed services to enable soldiers to blend into their 
surroundings so as to minimize their risk of being seen by enemy. Traditional camouflage 
systems aim to visually disrupt the shape of the body so that their outline is not 
recognizable. Also, visual camouflage systems provide colors or areas of light and dark 
shade which approximate their surroundings. Traditionally such camouflage has been 
effective for the visible region of the spectrum. However, in the recent years, night-sights 
have become available which are responsive to infra red radiation. Hence a sniper in 
possession of an image intensifier night-sight is able to pick out a target at night owing to 
its illumination by ambient infra-red radiation. Another method of surveillance that uses 
the same principle is the Radar. This is more powerful compared to the short wave infra-
red waves as the radio waves have a longer wavelength and hence can be used for longer 
ranges.  
Currently the protection method used by the military includes battledress overgarment 
(BDO) that is made of knitted nylon or polyester fabrics with laminated activated carbon 
spheres. The carbon spheres are capable of absorption of about 50-60% of the short wave 
IR rays and provide satisfactory camouflage for IR based surveillance systems. However, 
it is not limited to deficiencies. Carbon is poor absorber of the radio waves. Since almost 
all of the radio waves get reflected, carbon based overgarments are inadequate to provide 
counter-surveillance for radar based surveillance systems.  
Via Electrospinning, it is possible to fabricate nanoscale fibers that have the capacity of 
absorption of both IR radiation and the radio waves. Hence this should provide the best 
camouflage for any type of night-sight technology. Additionally, the nanofibers are made 
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up of catalytic ceramics that has proven ability of reacting and detoxification of the nerve 
and blister agents. These ceramics also possess high specific surface area, enhanced by 
their nano-size scale, and can chemisorb other toxins such as the blood and choking 
agents.  
The advantage of using the ceramic substrate in the nanofiber form is a predicted 
enhanced magnetic moment compared to nanoparticles of the same material. This is due 
to the relatively smaller defects in the nanofibers due to the presence of small number of 
magnetic domain walls. The key advantage of using electrospinning method to fabricate 
the ceramics is the tunable size, which can be made to match the size of magnetic 
domains, and hence fewer defects. By increasing the magnetic moment of the ceramic 
nanofibers, they can completely absorb the magnetic component of the radio waves and 
thereby prevent their reflection. The nano size will aid in exposing enough surface to the 
radiation so as to completely disorient the magnetic component of the radar waves which 
leads to their attenuation.  
A proposed mechanism to cover a wide range of radar frequencies is to increase the 
magnetizability of the ceramic substrate i.e. decrease the coercivity of the material. This 
is achievable by increasing the size of the magnetic domains, which can be tuned by 
increasing the grain size. By precise control of the electrospinning parameters, the grain 
size can be controlled, and ceramic nanofibers with larger magnetic domains can be 




8.3 Future Direction - Application in Sensors 
Metal oxide gas sensors are widely used for detection of hazardous chemical vapours, 
explosives and toxic gases. The sensing mechanism involves adsorption of the analyte 
followed by change in electrical resistance [112]. Ceramic materials such as SnO2, TiO2, 
and In2O3 have been studied extensively for gas sensing applications. These sensors, 
however, suffer from several drawbacks such as   high temperature operation (typically > 
300oC) and poor selectivity [113]. These limitations motivate the search for other 
alternatives.  
Conducting polymer based sensors are receiving increased attention as possible 
alternatives to metal oxides. Some of their characteristics advantages include operation at 
room temperature, rich chemistry which provides the possibility of functional 
modifications, and low fabrication costs [114]. The gas sensing properties of conducting 
polymers such as Polyanililine (Pani) and Polyethylenedioxythiophene (PEDOT) have 
been found to possess better specificity with and without structural modifications 
depending on the analyte. However, polymer based sensors also exhibit, unfortunately, 
some strong drawbacks such as slower response and recovery, and reduced sensitivity 
[115].  
The recent advancements in fabrication of nanomaterials [116] and the discovery of 
ceramic structures with tuneable physical properties [117] have inspired us to suggest an 
innovative solution to overcome these limitations.  
It is possible to develop a novel sensor comprising organic / inorganic hybrid structures 
uniquely designed for enhanced sensor performance. By integration of the organic and 
ceramic counterparts, improvements in both selectivity and response time can be 




sensitivities can be achieved. Such a sensor could incorporate electrospun semi-
conducting polymer nanofibers deposited on a ceramic thin film which has 
electrochromic behavior. The electrochromic ceramic will be designed in such a way that 
its resistance is substantially lower than that of the semiconducting organic layer by 
tuning its microstructure and composition. 
The semiconducting polymer could be functionalized to improve the selectivity towards 
the target analyte. The nanofibrous layer possesses large surface area (upto 50 m2/g) and 
hence a high surface activity. This will help to improve the sensitivity of detection 
compared to polymer thin films which are in use presently. The ceramic layer could be 
fabricated such that its resistance is considerably lower than the baseline resistance of the 
semiconducting polymer layer. Therefore, the current will flow through the ceramic layer 
in the OFF state of the sensor (i.e., without the analyte), setting the baseline colour of the 
sensor in accordance with colour of the electrochromic layer in its excited state.  In 
contrast, in the ON state, i.e., when the sensor is exposed to the target analyte, the 
resistance of the polymer layer becomes smaller than that of the ceramic layer. Therefore, 
less current will flow through the electrochromic layer and its colour will change to its 
ground state.  
Rapid detection of the analyte therefore becomes possible by simple observation of the 
sensor’s colour. The sensor can be coupled with suitable transducer to measure current in 
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Appendices 
Appendix-1 
List of Companies Producing Electrospun Nanofibers  
1. Applied Sciences Inc. (development of advanced materials and their applications) 
2. Catalytic Materials LLC (manufacture of high purity multiwalled carbon 
nanotubes and graphite nanofibers) 
3. CSIRO (offer world–leading skills in the formation of complex fibrous structures 
and product development) 
4. Donaldson (filtration systems and replacement parts) 
5. Elmarco (a world leader in the nanofiber industry is the first and still the only 
company in the world that offers its customers machines for industrial production 
of nanofibers) 
6. eSpin Technologies (polymeric nanofiber manufacturing) 
7. Fibertex (needlepunch and spunmelt nonwovens) 
8. Finetex Technology (filtration media) 
9. HILLS Inc. (manufacture of machinery and technology for the synthetic fiber 
industry) 
10. Hyperion Catalysis (carbon nanotube development and commercialization) 
11. IME Technologies (consultancy, prototyping, contract research) 
12. Koch Industries, Inc. (premium fibers, polymers and intermediates) 
13. Nano FMG (nanofiber production processes to convert the polymer nanofibers to 
commercial products) 
14. NanoAmor - Nanostructured & Amorphous Materials Inc. 
15. Nanostatics, LLC (development of high performance materials) 
16. Neotherix (novel bioresorbable scaffolds for tissue regeneration and repair) 
17. Nicast (possessing unique electrospinning capabilities applicable to a variety of 
medical applications) 
18. Physics Instruments Co. (Manufacturers of Electrospinning Appartus for making 
nano-fibres from Polymers).  
19. Physical Sciences Inc. (Providing contract research and development services) 
20. SNS Nano Fiber Technology, LLC (a producer of specialized nanofiber matrices) 
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21. SurModics (providing a nanofibrillar matrix for in vivo-like cell culture 
performance) 
22. Zeus, Inc. (Zeus biomaterials platform is targeted for the development of a wide 




Electrospun Ceramic Nanofibers produced (by way of this research) and 
Decontamination efficiencies against Nerve and Mustard agent simulants 
(CEPS) 40 - 43% 60 - 64% 88±17 40-200  FeTiO3 
50 - 52% 72 - 74% 98±10 130-300 AlTiO3 
60 - 64% 74 - 79% 94±30 110 – 700 60 % ZnTiO3 
65 - 67% 80 - 87% 102±12 60 – 600 50 % ZnTiO3 
62 - 69% 88 - 91% 128±10 40 – 600 40 % ZnTiO3 











y for first 60 
Paraoxon (Nerve agent 
simulant)  
decomposition 
efficacy for first 50 min 






70-300  N/A 80 - 86% (CEPS) 55 - 70% 
(CEPS) 45 - 58% 77 - 84% NiFe2O4 30-150  N/A 
(CEPS) 62 - 67% 60-170 N/A 65 - 78% 
(CEPS) 57 - 63% 70-250  N/A 74 – 85% 
(CEPS) 45 – 57% 67-73% NiMn3O4 40-200 N/A 
Ceramic System   Phase identified 









efficacy for first 50 
CEES 
decomposition 
efficacy for first 60 
NiFe2O4 60-130 86 77-84  45-58  Nickel ferrite 
(ferromagnetic)  
Cerium Oxide   CeO2  40-170 73 40-52 30-33 




Fe2O3 and MnO 




CuCrO4 55-140 74 64-67 19-27 Copper chromate 
(electrochromic)  
SnO2  40-100  - 75-79 63-65 Tin Oxide  
(Chemisistor)   
CoCrO4 60-90 - 38-43 45-49 Cobalt Chromate  
Cobalt Molybdate  CoMoO4  45-140 - 65-77 62-68  
(LBMO – CMR)  La0.3Ba0.7MnO3 35-70 - 58-66 34-48 
(LSMO – CMR)  La0.3Sr0.7MnO3 30-80 - 60-65 40-46 
-- 15-80 - 65-78 83-86 Copper Molybdate 
(Piezochromic)  
